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1 The Power of Symmetry

1.1 Noether’s Theorem

Symmetry has proven to be an extremely powerful way of organizing our physics thoughts
about Nature. You are probably already familiar with 10 spacetime symmetries from study of
relativity: 4 spacetime translations, 3 spatial rotations, and 3 Lorentz boosts. Conservation
laws associated to them ensure both linear and angular momentum conservation as well as
sensible centre of mass motion. The counting goes similarly in other spacetime dimensions,
except that in D dimensions there are D translation parameters, d = D —1 boost parameters,
and d(d — 1)/2 rotation parameters.

Other symmetries, such as the U(1) gauge symmetry of electromagnetism, act on the
fields rather than on the coordinates. Field space, as distinct from spacetime, is usually
referred to as the internal space for the field, rather than the external space of the
coordinates. The charge carried by a field can be thought of as like a handle pointing in field
space, onto which a gauge boson can grab.

Gauge fields can be in three distinct phases of physical behaviour. The most familiar
from our undergraduate work is the Coulomb phase, resulting in an inverse-square law in
four spacetime dimensions as per intuition. Alternatively, like for QCD at low energy, the
gauge field can be in a confined phase. The third possibility is the one we will explore in
the next chapter, and is known as the Higgs phase with spontaneous symmetry breaking.

A very important theorem proved by Emmy Noethelﬂ says that every continuous sym-
metry gives rise to a conservation law. To see how to prove this, let us consider a general
symmetry transformation which may act on both fields and coordinates. For the coordinates,
we write

= ot =t + . (1)

Internal symmetries act directly on the fields, which are said to carry a representation of
the symmetry group. So let us consider a general collection of fields {¢®}, where a represents
a general index which might or might not have anything to do with spacetime indices. Under
a symmetry transformation, the total variation of the field is

¢ (a') — ¢*(x)

= ¢"'(@) + [—¢""(z) + ¢"'(x)] — ¢"(2)

= [07(2") — ¢"'(2)] + [¢"'(x) — ¢"(x)]

= (9u9")0x" + 60" (x), (2)

Ad®

where in the last step we used the chain rule for differentiation. Notice that we have obtained

the second term from the direct functional variation of the field while the first, known as the

transport term, arose more indirectly through the dependence of the field on coordinates.

This is why we distinguish notationally between field variations d¢ and total variations Agp.
To prove Noether’s theorem, consider the action for the fields {¢*}:

S = / dPx L[¢"] . (3)

"Woohoo! a woman!



Then
68 = / [6(dP2)L[¢"] + d°2(5.2)] . (4)

How does the measure of integration vary under such a symmetry transformation? Let us
define the Jacobian J(2'|z): dPz' = dPxJ(2'|z). We have

oxH’ 0

orr 0

+ dzt} = o8 + 0, (dzH) . (5)
Therefore, to first order in small quantities,
J(@'|x) =1+ 9,(6z") + ... (6)

How about variations in the Lagrangian? Assuming that our action involves no more than
first derivatives, we have, by the chain rule,

0Z 0Z

5 = 59,50 0h") + 0" 7)

2 s +

8¢“

Note that, for functional derivatives, we have the handy identity

5(9,0%) = ,(66°) . ®)
Therefore, counting the variation of both the measure and the integrand, we have
0S8 = /de (0,02") & —l— 5gba 02 0, (00%) + 0, LzH . (9)
a olok 00,9 " a

Grouping together the first and fourth terms, and pulling the derivative in the third term
past the canonical momenta II% = 0.2 /00,¢* gives

68 = / dPx {aﬂ {353:“ + a%’iaaqsa] {g‘jj — 0, ( a%ia)} W} (10)
[z e

Using the Euler-Lagrange equations to kill the second [- - - | term, and adding and subtracting
a term IT#(9\¢?)d2?, gives

58 = / A’z 0, { agisa 66" + (0r0™)62] — [ a(gf;a (O0") — 554 w} . (1)

Defining a new quantity known as the canonical energy-momentum tensor

0L
Tﬂ/\ = 50 (ba (a/\¢a) _5§$7 (12)
w
gives
58 = /d%a {aa ¢GA¢G—T/35;EA} (13)



(For the case of curved spacetime, we would need to recruit the more powerful definition

por_ 208
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and to use the formalism of Killing tensors to express conservation laws.)

So far, we have an OK-looking formula for the variation of the action. But in order to
derive the sought-after conservation law, we need to know how the symmetry variations of
the fields and of the spacetime coordinates are connected to the infinitesimal parameters
of the continuous symmetry {Aw?}. Note that a priori the parameter index label A has
nothing to do with the field index label a; in particular, the number of values A can take is
typically quite different from those for a. In this notation we can then write

_ Azt A
ACE“ = <A—¢L)A) A(JJ s

A a
Ag®* = (AfA) Aw?. (15)

(14)

Accordingly, the functional variation of the action can be written

0% A¢* Azx”
— D e =Y A
5S /d xlaﬂ{ﬁﬁugb“AwA T”AwAH Aw™. (16)

Since this holds true for arbitrary parameters Aw?, it follows that
a'LLJMA — 0 5 (17)
where the conserved Noether current J", is defined as

0L A¢" ., Aa 18)

J" - .
A7 00,00 AwA Y AwA

You should check for yourself that using this continuity equation , Stokes’ Theorem, and
assuming that the spatial current falls off quickly enough at spatial infinity, gives a conserved

charge @ 4:
dQa

dt

Here are some good exercises to try, to check your understanding. In the case of spacetime
translations, you should find by working through all the steps explicitly that the conserved
quantities are the spacetime momenta, because 7}, is the flux of y-momentum in the v direc-
tion. For rotations and boosts, you should find that the corresponding conserved quantities
are proportional to

=0 where QA:/ddeOA. (19)

Ql/)\ — /ddl' (TOV.T)\ . TO)\,TV) 7 (20)

i.e. first moments of the energy-momentum tensor. The space-space components Q¥ are
indeed the familiar angular momenta. Check also that conservation of the space-time com-
ponents Q% expresses the fact that the centre of mass moves at constant velocity.



Next, consider a free complex scalar field ® = (¢1 + i¢y)/v/2, where ¢ 5 are real scalar
fields, and symmetry under U(1) phase rotations ® = ¢'“*®. By writing out the variations
under a phase rotation, you can show that the Noether current following from U (1) symmetry
is

JH = —iq[®"(0,P) — (0,2")P] . (21)

Remember first quantization for scalar fields from QFT1? Using the standard expansion of
the field operator in terms of plane waves with operator coefficients, you can show that the
Noether charge is

Q=g / Ak (blby — cler) (22)

where b, create particles and ¢, create antiparticles with momentum k. It is also illustrative
to work out the commutator of the charge operator @ with the fields ® and ®F.

1.2 Lie groups and the Poincaré group

Our focus in this section is on continuous symmetries parametrized by a finite number of con-
tinuous parameters. Mathematically, a bunch of symmetry transformations forms a group
if the following axioms are obeyed: (i) closure under group multiplication, (ii) associativity
of group multiplication, (iii) existence of an identity, and (iv) existence of inverses for every
group element. When group transformations act on fields in a well-defined fashion, the fields
are said to carry a representation of the group G. Mathematically, a representation is
a linear group action of G on a vector space V' by invertible transformations v — D(g)wv.
It must obey linearity, D(g)(avi+fvy) = aD(g)v1+8D(g)vs, and also the product rule,
D(g192) = D(g1)D(g2); the rule for inverses is D(g~') = D(g)~'. A representation is said to
be faithful if D(g) is the identity only for the identity element. Figuring out what kinds of
representations are possible for a given symmetry group is known as tensor analysis.

The simplest example of group theoretic organization of symmetry information that we
have already met in undergraduate quantum mechanics is the rotation group describing
angular momenta. The spherical harmonics |j,m) carry a representation of the rotation
group and obey the eigenvalue equation J2|j,m) = j(j +1)|7,m) and J3|j, m) = m]|j, m),
where j is the principal quantum number and m is the projection along the z-axis, with
Im| < j. The ladder operators J. = J'4i.J? raise/lower the m quantum number, J=|j, m) =
|7,m £ 1) for £m # j or 0 otherwise. Note that in this story, a role of primary importance
is played by the square of the angular momentum J 2 which commutes with each J*. The
algebra obeyed by the J* is

[JE, J9) =ik gk i =1,2,3. (23)
The spin j is quantized to take integer or half-integer values.
A general Lie group transformation U € G in any representation can be written as

U = exp (iw'T4) | (24)

where the {T} are known as the generators which live in the Lie algebra ¢ of the Lie
group G of transformations. The generators 74 are as numerous as the additive parameters

2We have suppressed factors of ¢ and A.



w?: the index A runs from 1 to d(G), the rank of the symmetry group. From a mathematics
perspective, the existence of this exponential map described in eq. is nontrivial; as physi-
cists, we will simply use it. It is important to note that the generators of symmetries T4
will generically act differently on fields than on coordinates. For example, a purely internal
symmetry will only act nontrivially on the fields and not at all on the coordinates.
Regardless of the representation they are acting upon, the generators obey a Lie algebra

[TA, TB:| — ifABCTC ’ (25)

where the f48¢ are known as the structure constants and are group-specific. Structure
constants matter because everything important we need to know about a Lie group is encoded
in its structure constants. The generators of a Lie algebra obey an identity known as the
Jacobi identity,

(T4, (T8, T + [T5, [T, T4 + [T, [T*, T?]] = 0. (26)

The Cartan subalgebra of a Lie algebra is the collection of generators that commute with
all other generators.

There is a great variety of representations available for Lie groups of interest to physi-
cists. The simplest kind of faithful representation is the fundamental representation, for
which the fields ¢ transform like vectors under the action of group elements U behaving like
matrices,

¢ =Ud¢. (27)
These matrices are d(f) x d(f) matrices, where d(f) is the dimension of the fundamental
representation f. For many physics applications, such as the SU(3). x SU(2); x U(1)y of the
Standard Model of particle physics, quarks and leptons live in the fundamental representation
and it is complex. As we can see by Taylor expanding , the infinitesimal form of a group
transformation acting on a fundamental representation is

A¢ =iAw? (T]) ¢. (28)

The above formula is handy when figuring out Noether currents, because it quickly gives us
one of the puzzle pieces:
A¢" . aya b
il (T7)", 0" (29)
For applications to gauge theories, another useful representation is the adjoint represen-
tation, which you will play with later in a homework assignment. For a field A living in the
adjoint representation,
A=UAU", (30)

from which we can quickly infer the infinitesimal form
AA =iAwP[Ty,, Al (31)

In the adjoint representation Adj, the generators are d(G) x d(G) matrices proportional to
the structure constants, where d(G) is the rank of the group,

(Tay)" = —ifA7c. (32)
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The Lie algebra works out correctly in this adjoint representation because of the Jacobi
identity. Since the structure constants are real and antisymmetric, dej = —(dej)*, and so
the adjoint representation is real. Gauge potentials will turn out to live in the adjoint.

The normalization of the generators 74 is a matter of convention, and it is important to
set a consistent convention because the Lie algebra eq. is not invariant under a change
of basis. In any representation, we can write

Tr (TATP) = 4(r)6”, (33)

where €' (r) is fixed for any given representation r and is known as the index of the repre-
sentation. We can readily prove from this that

ABc 1 v (ITA TB1T7C
I =2t (T4, T°1T7) (34)

Lie groups have an analogue of J? for angular momentum, known as the quadratic
Casimir, which can be readily shown to commute with all the 74. It is built out of the sum

of squares of the generators,
G

)
TATA = Cy(r)1, . (35)
A=1
In eq.(35)), the matrix 1, is a d(r) x d(r) matrix, where d(r) is the dimension of the represen-
tation r, and it must appear on the RHS of the above equation by Schur’s lemma. Taking
the trace of this formula yields the handy identity

d(G)E (r) = d(r)Ca(r) . (36)

For the SU(N) groups which are heavily used in theoretical particle physics applications,
the tradition is to choose €' (f) = 1/2,

L oan
|SU(N) - 55 : (37)

Tr (TF'TF)
This convention is the one we will use in homework assignments and the final exam.

What kinds of Lie groups might we encountelﬂ in theoretical physics? Matrix Lie groups
include

SU(n), special unitary
SO(n), special orthogonal

e GGL(n), general linear: invertible

e SL(n), special linear: det(S) = +1
e U(n), unitary: Ut = U~}

e O(n), orthogonal: O = O~}

[

[ ]

Sp(n), symplectic: SgSt = g where g is a 2n x 2n matrix g = (—Ol +01> ‘

3Discrete groups and their irreps are pertinent to crystallography and other physics applications; we will
not develop their representation theory here.



Note that the above notational conventions are specific to the Lie groups. The Lie algebras
are normally denoted by the same symbols but with small letters rather than capital letters.
For instance, the Lie algebra for SU(3) is denoted su(3).

A Lie group manifold that is finite-dimensional and compact is called a compact group.
If the group has no U(1) factors, it is called semi-simple. If in addition the algebra cannot
be divided into two mutually commuting sets of generators, then it is simple. Back in the
19th century, Killing and Cartan classified all the compact simple Lie algebras, and they are
known as the classical groups. They are: SU(N), SO(N), and Sp(N) for arbitrary N, and
the exceptional groups Gs, Fy, Fg, E7, and Eg. We will not say anything more about the
five exceptional groups except to mention that they are used in building GUTs and appear
in compactifications of superstring theory. SU(N) is all we need to know about to handle
the Standard Model.

From the definition of the special orthogonal group, it is clear that matrices M € SO(D)
obey
MT1IM =1. (38)

When we are working in Lorentzian signature spacetime, we are interested in coordinate
transformations that preserve the Minkowski norm rather than the Euclidean norm,

M™M=, (39)

where n = diag(1,—1,...,—1). Such matrices M are said to belong to the group SO(1,d);
in our 4D case, this is SO(1,3). More generally, if we preserved a Lorentzian norm with
p (+1) entries and ¢ (—1) entries, we would have the group SO(p,q). These groups are
non-compact.

How about a basic example of a Lie group and a fundamental representation? Physicists
always appreciate seeing a minimal working example of some concept. Consider first a simple
U(1) phase rotation of a complex field ¢ with parameter {w?} = {#}. We know how this
operates:

¢ =e’0. (40)
So in this case, the generator is just 1. That was easy! Let us also inspect a slightly less
nontrivial example involving an external symmetry: translations in the z! direction. For this
case, we also have only one parameter: {w4} = {z'}. For the 1D translation group, which
is Abelian, the simplest nontrivial irreducible representation (or irrep for short) is a 1D
plane wave: ¢ = ¢P1*" When acting on this plane wave, the momentum operator p; can be
represented as p; = —i0;. Why does this work? First, the sign. We have set our conventions
to ensure that the standard position-momentum commutators work: [z!, p;] = ih. Second,
this representation of the momentum operator gives the correct eigenvalue equation when
acting on the 1D plane wave: (—id;)¢ = p1¢. So in this case, the generator of z! translations
acting on 1D plane waves e g —101, and the momentum eigenvalue is p;. Note: if instead
of a continuous translation symmetry we only had symmetry under translations by a lattice
vector, we would get Bloch waves instead of plane waves.

A physically important property of the parameters of Lie groups is their additivity.
Composition of two transformations along the same generator is described simply by adding



their parameters. For rotations, this means we are talking about angles; for translations, the
story is all about their vectors. For Lorentz boosts, however, velocity is not additive under
composition. The correct (additive) parameter to use is the rapidity ¢, defined by

% = tanh (. (41)

As you should check for yourself explicitly, rapidity adds simply under composition of Lorentz
boosts. Note that boost rapidities obey ( € (—o0,+00), a non-compact interval. Accord-
ingly, the Poincaré group is a non-compact Lie group. By contrast, the rotation group is
compact, as its angle parameters obey 6 € [0, 27].

What is the group of symmetries symmetries of flat Minkowski spacetime? Consider our
old friends position X* and momentum P”. As we saw above with the simple 1D plane wave
example, the momentum can be thought of as the generator of translations,

P, = —i0,, (42)

where the index parametrizes the directionality of the translation in spacetime. The total
angular momentum generator M, is deﬁnedﬂ by

My = Ly + X0 = (_XMPV + XVPM) + X s
where L,, encodes the orbital angular momentum and X, the spin angular momentum.
The My; correspond to generators of Lorentz boosts, with the index 7 encoding the spatial
directionality of the boost vector. The M;; correspond to angular momentum generators:
notice that each is defined by an antisymmetrized pair [ij] corresponding to the plane of
rotation for that angular generator.

The commutation relations for the generators of the Poincaré algebra are

[P/u PV] =0,
[P,ua Mpa] =+t (nuppa - nuapp) ) (43>
[(My, Myo] = +i (00 Myuo = 1pp Moo + Nuo Moy — NuoM,,p) -

The Poincaré group, the symmetry group of flat D = d + 1 dimensional spacetime, is
mathematically referred to as the semi-direct product of the Lorentz group SO(1,d)
with the translation group. It is a semi-direct product, rather than a direct product, because
translation vectors get Lorentz-transformed under boosts and rotations: they behave, exactly
as they should, like one-index tensors.

How do the > act? For scalar fields the action of spin generators ¥X* on them is, of
course, trivial (they have no spin, so nothing happens). For the case of spin-half Dirac fermion
representations, the spin generators are proportional to the two-index antisymmetrized prod-
uct of gamma-matrices: (X£").5 = i([7",7"])as/4. For spin one representations, the spin
generators are also constant matrices, built of antisymmetric combinations of Minkowski
metric tensors: (7)., = i(n°,n%, —n°.n",).

4Qur signature convention is mostly minus.
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1.3 Origin of wave equations

Our story so far is independent of the dimensionality of spacetime and works for any spin.
For the case of three spatial dimensions (and only for d = 3), we can write down an angular
momentum pseudovector J; defined by J; = %eijijk. (Note: these J; commute with the
Hamiltonian.) The boosts generators, by contrast, are defined by My, = K;. (Note: the K
do not commute with the Hamiltonian!) They have nontrivial commutators with the angular
momenta:

[Ji> Jj] = +i€ijkjk N [Ju KJ] - +i€iijk y [KZ, KJ] == —iéiijk . (44)

Defining N; = (J; + iK;)/2 and naively defining N] = (.J; — iK;)/2 makes the algebra split
apart:
[N, N;] = ie;ju Ny, [NZT,NJT} — [Ni,Nﬂ —0. (45)

This is a direct consequence of the mathematical fact that there is an isomorphism between
SO(4) and a direct product of two SU(2)s: SO(4) ~ SU(2) x SU(2). Strictly speaking, it is
only in Euclidean space that we have this split of the Lorentz group into a SU(2) x SU(2).
The subtlety in Minkowski spacetime is that the boost generators K; of the Lorentz algebra
so(1, 3) are actually not Hermitean, because boosts involve a non-compact parameter. (The
rotation generators are, meanwhile, Hermitean as their parameters are compact angles ¢ €
0,27].) Why does this happen? Mathematically, unitary irreducible representations of non-
compact groups are infinite-dimensional, and so to get finite-dimensional representations
pertinent to physics we have to give up unitarity of boost matrices. Morally, we can think
of the Minkowski case with Lorentz symmetry SO(1,3) as a simple Wick rotation of the
Euclidean case. This principle is sufficient to understand how classical and quantum fields
transform under spacetime symmetries.

We can then characterize any irreducible representation of the Lorentz group by its
angular momentum quantum numbers under each SU(2). For a state |j., jg), the total spin
of the representation is j;, + jr. Since both j; p must be non-negative integers or half-odd-
integers, the total spin is also of this character. This follows from the familiar rules for
adding angular momenta, which themselves follow from the algebra of the J;. For example,
a scalar field is the [0,0) representation. A Weyl fermion is the |3,0) or [0,3) (depending
on handedness), while a Dirac fermion is the direct sum |%, 0) & |0, %>, parity flips the two
components. For spin one, our friend the vector potential A, corresponds to the |%, %), with
the 7/ ; playing the role of Clebsch-Gordan coefficient. The [0,1) and |1,0) correspond to
the self-dual and anti-self-dual components of the field strength tensor F},, while the whole
banana would be |1,0) @ |0, 1). The graviton is the |1,1) state. And so forth.

What is a wave equation for a field? It arises from analyzing how the field behaves under
Poincaré transformations: combinations of translations, rotations, and boosts. More detail
than we require may be found in the magnificent 3-volume “The Quantum Theory of Fields”
text by Steven Weinberg, among other places. My exposition here is closely related to the
simpler, more pedagogical exposition of Pierre Ramond in his classic text “Field Theory:
A Modern Primer” on functional quantization methods. For now, I will just sketch quickly
how it works for spin-half massless fermions.

11



How do spin-half massless fermions transform under Lorentz transformations? Recall
that if we Wick rotate to Euclidean space, the 4D Lorentz group SO(1,3) becomes SO(4),
which is isomorphic to SU(2) x SU(2). A nice basis for the generators of SU(2) acting on
spin-half fields is %ai, where the o? are the Pauli sigma matrices which obey

olod = 6 4 ikt (46)

e B G B (O B

Then, Wick rotating back to Minkowski signature gives the following transformation laws.
Left-handed spinors transform as

They are

Yr(z) — Apyr(x), (48)

where

Ap = exp(id - [0 —iC]/2). (49)

In this expression, the g are the rotation parameters while 5 are the boost parameters.
Right-handers transform as

Ur(z) = YR(2") = Artr(), (50)

where

Ag = exp(ia - [0 +i]/2) . (51)

A little algebraic fortitude yields an interesting fact: that under Lorentz transformations,
o2} transforms like a right-handed Weyl spinor. (To get the algebra to work out, it helps
to show that A;' = AE%, 0?Apo? = Ny, ALo?A;, = 0% and similarly for L + R.) More
pertinently to our goal at hand, we can also show that two available fermion bilinears, @ZJTLQ/JL
and o'y, miz under boosts:

VEbr = L + ACYLo L, Lot — Yo dn + ACYLYL . (52)
Comparing the above with the general Lorentz transformation rule for 4-vectors
AVHE = Ae* V" (53)
where €” = —(?, we find that
(iw}on) = (i i, i} Ger) (54)

is a bona fide four-vector under boosts. Showing that it is a bona fide four-vector under
rotations is similarly straightforward. We can also show that

(ivha"bR) = (YR, —ivhTvR) (55)

is a four-vector under boosts and rotations.
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Then, using the above information, it is simple to build a Poincaré invariant action for
a left- or right-handed Weyl fermion, by contracting with another handy four-vector lying
around: d,. More precisely, in order to make an action for left-handers that is real, we need

Slr] = / d'z %wza“b_:w, (56)
where
adb = a(db) — (8,a)b. (57)

Using this action, it is straightforward to write down the wave equation that follows for 1.
The same sort of logic works for ¥p with o# — o#. Comparing the left- and right-handed
wave equations to the massless limit of the Dirac equation familiar from PHY2403F, you
will find that they are identical.

In summary, free particle wave equations arise from pure group theory — plus the as-
sumption that our action is built from lowest nontrivial order in derivatives, in the spirit of
effective field theory.

1.4 Origin of spin angular momentum and helicity

Casimir operators are symmetry generators which commute with all other symmetries.
Let us now figure out the analogues of J? for the Poincaré group. There will turn out to
be two of them. To find the Casimirs, we need to identify those generators (which could
be composites) which commute with everybody. An obvious candidate is the square of the
momentum vector, which constitutes our first quadratic Casimir:

C, = P*P, (58)

Since translations form an Abelian group, the Casimir nature of C) is guaranteed by the
commutation relations for the Lorentz algebra. Of course, C'; acts on states with momentum

P ad)

PEP,|p*) = m®|p") (59)

It turns out to be a tad harder to find the second independent quadratic Casimir. To lay
the foundations, consider the Pauli-Lubanski pseudovector W# defined by

WH = $e#27 P, M, (60)
Notice that, by symmetry,
WHP, =0 (61)
and
Wh = Le7 Py, (62)

As you should check explicitly using the Poincaré algebra commutation relations, the second
quadratic Casimir that commutes with everybody is

Cy = WHW, (63)

5We have suppressed the factors of ¢ and A.
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As can be checked, these are the only two quadratic Casimirs for the Poincaré group. The
remaining interesting question then becomes: what is the value of W#W, evaluated on
physical states? The answer to this turns out to depend sensitively on the value of m?2.
There are four types of classes of momenta, originally classified by Eugene Wigner.

p'p, = m? > 0, with p° > 0. These are positive-energy massive particles.

p'p, = m? =0, with p° > 0. These are positive-energy massless particles.

pt = 0. This corresponds to ... nothing. The vacuum.

p'p, = m? < 0. These are either unphysical (free tachyons!) or virtual-only particles.

The Little Group for each class is defined to be the subgroup of Lorentz transformations
leaving the momentum vector p* invariant. It characterizes the story of spin for a particle.

For the massive case, there exists a rest frame such that {p*} = {m,0}. Therefore,
the little group for this case is SO(d), the group of spatial rotations. Consider d = 3, the
case with which you are intuitively familiar. The little group for this case is SO(3), the
familiar group of spatial rotations. Therefore, in a very deep sense, spin really is an angular
momentum for massive particlesﬂ To evaluate the value of the second quadratic Casimir
here, consider again our Pauli-Lubainiski vector W#. We already know that W*P, = 0
by symmetry. Now make use of the form of the momentum in rest frame to find that
{Wmy = {0,W}. So, in the rest frame,

Wi = %Eiojkpozjk = —%meol-jijk = %meiijjk = chEi (64)
where ¥; is a proper 3-vector. Therefore,
WYW,[p") = m®s(s + 1)|p") (65)

For the massless case, a representative momentum is {p*} = E{1,0,...0,1}. Consider
again d = 3 as a special case. For d = 3 the little group is E(2), the Euclidean group
of rotations in the (z,y) plane combined with z and y translations. How about the value
of the quadratic Casimirs evaluated on a massless state? First, we already know that the
momentum four-vector squares to zero. Second, we also know that the Pauli-Lubanski
pseudovector is orthogonal to the momentum vector. Third, because the mass is zero, the
Pauli-Lubanski pseudovector also squares to zero. As you should check for yourself, the only
way for two null vectors to be orthogonal to one another in Lorentzian signature is for them
to be parallel. Here this implies directly that

W, = hP, (66)

where h is a pseudoscalar known as the helicity. By the definition of W, and P, and the
fact that h is a pseudoscalar, there can be only two allowed values for helicity: h = +|s]
and h = —|s|, where s is the spin. In this case, the spin data do not constitute an angular
momentum at all, but are instead characterised by helicity alone.

6Mathematically, SU(2) is isomorphic to the double cover of SO(3); the double covering is why spin must
be either integer or half-odd-integer.

14



2 Gauge Symmetry

2.1 Abelian gauge symmetry and QED

We know the free Dirac fermion actionl]
Sy = / a2z i — miby] (67)

and the Maxwell action .
S, = / dPz [—ZF’“’FW} (68)

Let us now try to work out the form of a Poincaré invariant interaction term between spin-
half matter fermions and massless spin-one gauge fields. Our fermion fields are the spinor ¢
and the conjugate spinor ¢, which are in the (0,4) @ (3,0) and (0, 1) @ (3, 0) representations
of SO(1,3) respectively, while our vector is in the (%, %) representation. Therefore, we are
in need of a Clebsch-Gordan coefficient that connects a spinor and a conjugate spinor to
a vector. The solution to this problem is called the gamma-matrix. To lowest order in

derivatives, the interaction lagrangian can be written as
S = [ d (9770, | (69)

where ¢ is the electric charge. As you should check explicitly, another way to write the total
action is

Soun = [ %2 04119~ igf) ~ 1w v~ 1P (70)
In these conventions, the gauge-covariant derivative on spinors is
D, =10, —1iqA,, (71)
and so
Sen = / iy [J} (iD— m) o — %lF“”FW] (72)
A local phase transformations of matter fields
) (73)

can be compensated — locally — by gauge transformation of the connection
A, — A+ 0a(x) (74)

The idea of gauge potential as compensator turns out to be a very powerful one, reaching
far beyond the case of U(1) for QED. The key advantage of the gauge-covariant derivative
is that it transforms covariantly under gauge transformations:

D,(x) — € D ) (75)

"For the sticklers: this is equivalent to the previously written fermion action, upon integration by parts.
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where

D, = 8, —iqA, (76)

as above.
For the electron, the charge is ¢ = —e. We then proceed to do perturbation theory as a
series in e2. More properly, reintroducing our units, this is a perturbation series in

2

e
= _ 7
aqQeD = 7 (77)
2.2 Nonabelian gauge symmetry
Consider local gauge transformations on matter fields ¥(x) of the general form
U U =U(x)¥ (78)

where U(z) (or U for short) is a spacetime-dependent matrix and W is in the fundamental
representation. Generally such matrices U of the symmetry group will not commute with
one another. Accordingly, this is called a non-Abelian gauge transformation.

Because of the spacetime dependence in the above gauge transformation, partial deriva-
tives of matter fields do not transform covariantly. So let us introduce a compensator known
as the Yang-Mills gauge connection which allows us to sensibly define parallel transport
of matter fields. It is designed to ensure that the gauge-covariant derivative of a matter
field transforms covariantly:

D,V — (D,¥) =U(D,V), (79)
where we have defined
D)WV =0,V —igA,V. (80)
Here, the gauge field A, is an element of the Lie algebra:
A, = AlTH. (81)
More abstractly, the covariant derivative is
D, =10, —igA,. (82)

As can be straightforwardly checked, the required transformation law for the non-Abelian
gauge potential A, is

A= A =UAU ——(0,U) U (83)

Q| =

—UAU " + éU(@uUl) , (84)

where in the last line we used the identity O(UU ') = (1) = 0. For infinitesimal parameters
Aw, this transformation law reads

1
AA, = iAC[TC A] + gTC(aquC) : (85)
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or in component form

1
AAS = p (0,40 + ngBCAZ‘AwB} : (86)
How does the covariant derivative D,, act on fields in the adjoint representation, such as the
gauge potential and gauge field strength? Let us write a field in the adjoint as x = x¢7T°.
Then
(D#X)C = [(10, — 19A,.) X]C
— [50148# . ZgAf(TB)CA] XA
= 0,X + gf*PCANT (87)
because (T4)BC = —ifABC. Therefore,
1
AAS = E(Dqu)C. (88)

An important property of gauge-covariant derivatives is that they obey the commutator
[Dy; Do) = —igFpu (89)

where the gauge field strength is
F.,=0,A,—0,A, —iglA,, A]. (90)

Even though the gauge potential A, transforms like a connection under gauge transforma-
tions, as in (83)), the field strength transforms covariantly,

F,, — Fl, =UF,U™". (91)

Note that F' is not invariant under gauge transformations, but it is the closest thing possible
in a non-Abelian gauge theory: covariant.

Note also that there are many other ways of introducing the Yang-Mills gauge potential
and field strength. You can peruse QFT textbooks like the ones by Matthew Schwartz
(modern; recommended), Michael Peskin and Daniel Schroeder, and Pierre Ramond to see
some examples.

2.3 Yang-Mills Lagrangian and equations of motion
We can use the gauge field strength F},, to build ourselves a gauge-invariant Lagrangian, by

tracing over the group indicesﬂ

1 1
Lo = —ETr(F“”FW) = —ZFWAFjV. (92)

Note three very important facts that make Yang-Mills qualitatively different than Maxwell.
First, the gauge potential lives in the Lie algebra, A, = A;‘T 4. Second, the field strength

8The relative factor of 2 comes from the normalization convention (37) for SU(N), Te(TAT#) = 3648,
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involves commutator terms quadratic in A, not just the covariant curl part linear in A like
for Maxwell: F,, = 0,4, — 0,A, —ig[A,, A,]. Third, the non-Abelian generators of the
gauge symmetry T4 obey nontrivial commutation relations, [T, TP] = i fAPCTC. Putting
these three facts together, we can see already that even the classical physics of Yang-Mills
is very different from that for the Maxwell field: the Yang-Mills Lagrangian contains
self-interactions of both cubic and quartic type.

b,V N v,

Y I \ 4,

v c <
“p ‘s Ay * o

This result is intimately related to the fact that superposition, a bedrock idea in elec-
tromagnetism, does not hold for Yang-Mills theories. It cannot: the field equations for Aﬁ
are inherently nonlinear. Note that in momentum space a Feynman diagram must involve a
power of momentum for the cubic self-coupling, by the definition of F' in terms of A, whereas
the quartic self-coupling involves no powers of momentum for the same reason.

By contrast, there are no classical cubic or quartic interaction terms for the photon at all.
So the only way it is possible to get light-by-light scattering in QED is to involve quantum
loops. For instance, a scattering amplitude involving (say) four external photon legs has to
possess one internal loop with four fermion/antifermion propagators.

. 7

~ T

A

This diagram is &(a%,,), which is higher-order than the classical four-point self-interaction
for Yang-Mills gauge fields. This essential difference makes the Feynman graph expansion
for non-Abelian gauge theory qualitatively different from that for QED. The nonlinearity
turns out to be physically essential for describing the quantum dynamics of the strong and
weak nuclear interactions.

Note: It is possible to perform a field redefinition

A, = ?” . (93)
In this convention, the factor of ¢ disappears in the covariant derivative
D, =19, —iA,, (94)
and in the field strength . 3 3 o
F.=0,A,—-0A,—ilA, A (95)



while the Yang-Mills Lagrangian develops the overall normalization out front

Loy = _2L92Tr (FE) (96)

We will stick with the earlier convention, especially when coupling different types of leptons
and quarks to the same SU(3). x SU(2); x U(1)y Standard Model gauge fields.

Our action principle for Yang-Mills gauge theory has kinetic term

1 1
Lo = —§Tr(F“”FW) = —ZFQ‘”FJ‘V (97)

where the components of the field strengths are obtained from F),, = Flﬁ/T A
Fi = 0,A0 — 0,A% + gfPCAAD AT (98)

How would we couple in matter? Imagine fields like quarks and leptons in a fundamental
(vector) representation of the gauge symmetry group. The gauge-invariant action is the one
where we use the minimal coupling recipe: replace partial derivatives by gauge-covariant
derivatives. The resulting Lagrangian for Yang-Mills coupled to matter is then

Lont = 1D — mip — %Tr(F“”FW) (99)

Note that the spinors in this expression have two kinds of indices: a spacetime spinor index
a (which we almost always suppress) and an internal gauge index A. Just as naturally, the
Yang-Mills fields have a spacetime index u and an internal gauge index A.

The equations of motion following from the Yang-Mills action coupled to fundamental
matter are, as you should check explicitly,

(040" 4 gfPOAAP) F = — 1t (100)

where

JHA = gdTy (101)

Or, in even shorter-hand notation,
DVE,, = —J,. (102)

The counterpart to the dynamical equation (100) for A,(z) is known as the Bianchi
identity. This is a mathematical identity morally similar to the two current-free Maxwell

equations. The Bianchi identity for Yang-Mills follows from the definition of F' in terms of
A,

> Dy, [Dy. D] =0, (103)
cyclic
or equivalently
Dk, +D,F,,+D,F,, =0. (104)
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One final note. There is another term which we could have included in the Yang-Mills
Lagrangian which is also quadratic in the field strength,

0.
L = EewﬁTr (FuFas) - (105)
This can be shown to be a total derivative if the pseudoscalar 6, is a constant,
o 2ig
L, = 0,0, [Ty | Ag0, A, — ?AﬁAMAV : (106)

For now, we will ignore it. This is a great sin if we are interested in topological information
encoded in the gauge field. Right at the end of the course when we talk about anomalies,
we will reconnect to it briefly. If you are interested in learning about how gauge theory
interfaces with mathematical topics like homotopy, anomalies, instantons, etc. there are
many sources to learn about them. Some of the good introductory ones are Coleman’s
Aspects of Symmetry textbook and the classic review article by Eguchi, Gilkey and Hanson.
Serious students of theoretical high-energy physics should study them.

2.4 The Standard Model, chirality, and gauging isospin and hy-
percharge

The gauge group of the standard model is SU(3). x SU(2); x U(1)y. The SU(3). piece
represents colour, the SU(2); isospin, and the U(1)y hypercharge. The electromagnetic
U(1) with which we are familiar is not one of these groups; instead, it will turn out to be
a particular linear combination of the hypercharge and the diagonal component of isospin.
All gauge bosons start life as massless vector bosons, as do the fermions in this model. It
is the spontaneous symmetry breaking involving the scalar Higgs field which will give rise
to both vector boson masses (via SSB of gauge symmetry) and fermion masses (via Yukawa
couplings and SSB).

The Standard Model of particle physics is chiral. Left-handed and right-handed quarks
and leptons couple differently, in particular to gauge bosons. Recall that the projectors

1

@i52

(1 +95) (107)
project Dirac fermions onto their right- and left-handed components respectively.

Based on years of experimental results, it was eventually realized that left-handed leptons
should be arranged as doublets of weak isospin

B, - (2) (108)

Note that the fermion doublet has weak isospin % The upper component of the doublet

is taken to be the neutrino, which has I3 = +%, while the charged lepton has I? = —1

5-
Right-handed leptons, on the other hand, are SU(2) singlets
(er) (109)
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Note that there is no right-handed neutrino (or left-handed antineutrino). Furthermore, as
we will see shortly, neutrino masses are forbidden by SU(2); x U(1)y gauge invariance. This
is why high-energy theorists refer to neutrino masses (and mixings) as “beyond the Standard
Model” (sometimes abbreviated as BSM) physics.

What about quarks? They also have a similar structure, with

L= (3;) (110)

while the right-handed quark fields are again singlets of SU(2)

(ur) (dr) (111)

Accordingly, the free fermion Lagrangian for the lightest generation may be written, with
SU(2); indices suppressed,

< = z’éR”y-aeRJriéLy-aeLjLiﬂe'y_- v+ -
+iugy - Qug +7iﬂLfy~8uL+id37~8dR+QdLv~8dL ~
= iéRv-ﬁeR—l—iELv-8EL—|—iﬂ37-8uR+idRy-8dR+iQL7-8QL (112)

Similarly for the muon and tau generations. Whatever form the hypercharge symmetry
transformation takes, we know these terms would respect global U(1) as each quark or
lepton is matched with an antiquark or antilepton. The details of how it works with local
gauge symmetry is our very next priority.

The above Lagrangian is invariant (so far) under a symmetry rotating the SU(2) doublet
around while leaving the singlet invariant. Promoting the SU(2); to a gauge symmetry, we
have
R C

SU(2);

ER €ER (113)

How are we going to find the U(1) of electromagnetism when all we have so far in the
way of U(1)s is hypercharge? Electric charge — for the left-handed fields at least — looks to
be related to weak isospin and hypercharge via

Q=Ir+Y (114)

In other words, charge is basically the sum of the only two diagonal generators in the Lie
algebra su(2) x u(1). Indeed, this will provide our definition of hypercharge in the following.
In particular,

Qe = —1=—5+Y(EL) (115)

which is consistent provided that

Y(Ep) = — (116)

N

21



What about the right-handers? For the singlet eg, I® = 0 so that
Y(eg) = —1 (117)
We also need to know the hypercharge assignment for the quarks. We have

Qu = 2=+3+Y(Qr)

Qi = —3=-3+Y(Qr) (118)
which is consistent provided that
Y(Qr) = +5 (119)
How about the right-handed quarks? Since I? = 0, the right-handed up has hypercharge
Y(ug) = +2 (120)
while the right-handed down has
Y (dg) = _% (121)

In summary, the U(1)y hypercharge generator acts as

1.
(ye) vy [e 2@ 0 (Ve)
— 1.
€L 0 e 28(@) €L

U ;
€er "Wy e P@ep

li x
Uy, U(_1)1>V et6h(@) 10 ur,
dr, 0 et5ib@) dr,

up T 3B,
dp 1Y 3@ g, (122)
Note that, unlike weak isospin, this transformation acts on both left- and right-handed fields,
albeit with different charges (strengths of interaction).
In order to couple the gauge bosons of weak isospin and hypercharge to fermions, and to
the Higgs boson, we will need to construct covariant derivatives. For U(1), we introduce a
hypercharge gauge boson X, and write gauge-covariant derivatives as

DY) =9, —igYX, (123)
For the weak isospin part, we also define the weak isospin gauge bosons
DD =9, —i (U—) W (124)
BT TR g 2 e

These four gauge bosons, X, and W/i, start life massless.

Putting together what we learned about Yang-Mills gauge theory and the above data
on weak isospin and hypercharge for lepton and quark doublets and singlets, we obtain the
non-Higgs part of the electroweak sector of the Standard Model for one generation:

_ | - 1 1
L+ Lp = iegy (0, +1i9'X,) er +iEA" (@M + ézg'X# — 5190 W#) E;
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2 - 1
—|—'i7ij>/“ <8“ — Zgg/Xﬂ> UR + idR’y” (8# + ZgngH) dR
~ 1. 1.
+iQ " (au — ézg'XM - 5190 WM) Qr
1 . , o 1
— OW oW, + gemWIWE)? — 1 (0.X, = 0,X,)° (125)

The sad thing about this Lagrangian for describing the real world is that it gets all the
masses wrong: they are all zero! Oops. Naively we might think that all is lost — putting
in explicit mass terms for any of the desired particles would break gauge symmetry (ouch).
This is where the magic of spontaneous symmetry breaking comes in. Shortly, we will see
that by coupling in a versatile Higgs field transforming as a doublet under SU(2); with a
specific hypercharge under U(1)y, we will be able to generate masses for (a) the W=, Z vector
bosons but not for the photon, and for (b) the leptons and quarks — without spoiling gauge
symmetry of the model. The fact that we can get away with recruiting only one Higgs field to
give all these particles masses is the group theoretic magic of the Glashow-Weinberg-Salam
model that contributed to winning its eponymous physicists the Nobel Prize.
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3 Spontaneous Symmetry Breaking

3.1 Goldstone’s Theorem

Sometimes the vacuum of a QFT does not respect the symmetries of the action. This is
called spontaneous symmetry breaking (SSB) and will turn out to be very important to a
full understanding of the Standard Model of Particle Physics. SSB only occurs in systems
with an infinite number of degrees of freedom. It is not possible in systems with a finite
number of degrees of freedom.

A simple example that will be familiar is to take an iron bar and heat it up. A blob of
molten Fe will have no overall magnetism. Now let the iron cool. The little Fe spins freeze
into small aligned domains (and alignment can be encouraged with another magnet). The
groundstate of the solid iron has all spins aligned, as it is a ferromagnet. When the iron
cooled into a groundstate, it could have picked any direction to point the spins. It picked one
randomly, and this broke rotational symmetry. Spontaneous symmetry breaking (SSB) like
this could happen only because there was a continuous infinity of possible angles from which
to choose. Another example would be a perfectly cylindrical pencil balanced vertically on
its very tip. It has rotational symmetry about the axis, but waiting for gravity and random
quantum fluctuations to do their thing will pick a direction — any direction, from 27 worth
of angle.

We could label that continuous infinity of vacua |f) with angle(s) 6. Recasting the
statement that the vacuum broke the rotational symmetry mathematically, we can say that
|0) moves under the action of a rotation generator:

Trot‘6> 7& 0 (126)

SSB requires that the system under study be infinite. The reason is that, in order to know
the angle(s) 6 precisely, we would have to sum over all partial waves — a continuous infinity
of them. It is the continuous infinity of possibilities that matters for spontaneous symmetry
breaking.

Consider a scalar field theory with a symmetry and Lagrangian given by

Z =309 = V(9) (127)

Suppose .Z is invariant under U-transformations. Then

ov

AV = Ag® 12
T (125)
Therefore,
oV [iAw (T, ¢"] (129)
Do ’
Differentiating w.r.t. ¢¢ then gives
02V oV
TA a 4b TA a sb __ 1
a¢ca¢a( )b¢ +8¢a( )béc 0 ( 30)

This equation is the essence of what we are after.
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Let us now evaluate this equation at a minimum of the potential, denoted ¢, for conve-
nience. Because of the structure of the action, derivatives are disfavoured: field gradients
increase the energy. Similarly, 9V/0¢*(¢p=¢y)=0 on the equation of motion for the vacuum
configuration. Therefore, evaluating at a minimum gives

o2V
<a¢ca¢a

W(TH)%(¢%) =0 (131)

where ( ) denotes the vacuum expectation value. Look at the first piece in this equation
carefully. You should recognize it: it is none other than the mass matrix for fields {¢°} at
the minimum.

Let G denote the full symmetry group possessed by the action. Let H be the Little Group
of (¢*): the symmetry transformations respected by the vacuum. Then G/H represents
physical states. If (Tx) € H C G, then (T4)%(¢") = 0 yielding an empty equation, because
(#%) respects H-symmetry. But if Ty & H, i.e. (T4)%(¢°) # 0, then it is termed a “broken
generator” [of symmetry] and by equation there is a corresponding massless mode.
In other words, we have just found

Goldstone’s Theorem: in systems with spontaneous symmetry break-
ing, for every generator of the symmetry group broken by the vacuum
there is a corresponding massless field called the “Nambu-Goldstone
Boson”.

Physically, the most important thing about the Nambu-Goldstone Boson is that it is
massless, i.e., it has a dispersion relation £ = |p]. An example of a Nambu-Goldstone boson
is the phonon in fluids.

Technically, Goldstone’s Theorem is already a powerful one at tree level. What is even
more remarkable is that it holds solid even when quantum corrections are taken into
account. This is shown in significant detail in Peskin and Schroeder’s §11. The essence of
why this works is the formulation we employ: functional quantization. Symmetries are kept
manifest in the action, the generating functional, and the Green’s functions of the theory.
There is no need to break gauge symmetry, Lorentz symmetry, or whatever other symmetry
may be present, in order to perform quantization. The nontrivial work amounts to showing
that classical symmetries persist in the quantum action I'[¢] when loop divergences are
regularized consistently. Peskin and Schroeder §11 contains a very nice full discussion of this
physics, starting with explicit loop calculations in the linear sigma model example in §11.2
and working up to a more abstract derivation in §11.6.

3.2 SSB with global symmetry

Consider a collection of real scalar fields {¢'}, where i = 1,--- N. Suppose that the potential
for these fields has a global symmetry that makes it depend only on the magnitude of &,
but not on the direction. For example:

5[] = / P2 {10460, 6 + L26 S — N9 (132)
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as illustrated in the picture below. Note the positive quartic and negative quadratic coeffi-

-

cients in V(®). This is not a typo; without the negative mass-squared term, SSB will not
occur in this model.

An important physics point here is that the negative mass-squared is not a violation of
causality — it simply indicates an instability, the endpoint of which is well-defined physically!
The type of tachyon which does cause heart-stopping arrhythmias in theoretical high-energy
physicists is the free tachyon, which just propagates and propagates, flouting causality all
the while.

A shorthand for the above Lagrangian is

£ =10"0. 9,0+ 1?10 — Ao (133)
which is invariant under rotations of ®. You should think of ® here as a vector in field space.
The rotational symmetry acts as

¢ — RD, ie ¢ — R ¢ (134)

Since ¢* € R, the matrices R are orthogonal (R~ = RT).
How many generators are there? Our group transformations R and algebra generators
T4 are connected via our friend the exponential map:

R = exp (iAw?Ty) (135)

In order for a rotation transformation R to be orthogonal, as you can quickly check, the
generators of o(/N) must be antisymmetric:

(Ta)ij = —(Ta) ;i (136)

Counting the number of independent components of a real antisymmetric matrix, we get
%N (N —1). Naturally, this matches the number of rotations that we can make in N directions
of field space.

The lowest-energy configuration for our linear sigma model is the one with

oy — 6y ana 2V

P(z") = Py and =0 (137)

¢ 5-3,
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Using the form of the action, we find quickly

2 K 9
Dp) ="~ = 138
(@) =L =0 (138)
where v is short for VEV, vacuum expectation value. For definiteness, let us point the vev
vector along the Nth direction in field space. Next let us perform a field redefinition:

= {n*(2),v+0o(z)} (139)

As you should check as an exercise, it follows straightforwardly that

1 1 1
<z = 53“7rk0#7rk + 58“0(%0 - 5(2,u2)02

—2VApo® — 2V \urt ko — —2xo?nF k- Arkat i (140)

Notice that the 7% fields are massless; the only massive field left after spontaneous symmetry
breaking is the o field parametrizing field fluctuations over and above vacuum values. There
are cubic and quartic self-interactions for the o, a quartic self-interaction for the 7s, and a
cubic m—m—0o coupling as well as a quartic T—r—o—o coupling.

This exposition was for actions with “global” symmetry. In the case with gauge symmetry,
the story has some extra twists to it, which are rather splendid physically. They also form
the backbone of how the Higgs spontaneously breaks electroweak symmetry down to SU(2) x
U(1) at low energies.

3.3 SSB with local gauge symmetry

Consider a single complex scalar field ® with charge (—e). Give it a wrong-sign mass term
and a quartic self-interaction in its Lagrangian, as in our linear sigma model example. Now
let us add a significant extra degree of difficulty by demanding not a global symmetry but
a local “gauge symmetry”. This requires that the ® field be coupled to the A, field of
electromagnetism. Local phase transformations acting on the scalar field

d— P = @Y (141)
are compensated by a shift in the gauge connection
A, — A, + 0N (142)

Since you have met the U(1) gauge theory of electromagnetism before, you already know
that the simplest gauge-invariant action for ® coupled to the gauge field is obtained via
“minimal coupling”:

0, — (10, +ieA,) (143)

This is required to ensure gauge invariance. The resulting Lagrangian is

L = ((0" — ieA")D*) (0, +ieA,)P) + p*O*® — A\(D*®)* — LFHF,, (144)
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In analogy to how our previous example panned out, let us anticipate SSB and write

O(z) = v+ —= (o1 +i¢2) (145)

1
V2
Physically, this states that the vev would be v and the two real fields ¢, parametrize
fluctuations above the vacuum. In these variables,

L = —iFE,, 4 et ANA, + 5(0"01)(0u1) + 5(0"92)(0u62)
—2\02¢% + V2 A D, ¢y + (cubic terms) + (quartic terms) (146)

Something very important has just happened here: the photon got a mass! Note that the
fluctuating field ¢; has a mass term —2\v%¢?, while ¢, has no mass term and is derivatively
coupled. Physically, we say that the photon has eaten the would-be Goldstone
boson and become massive. ¢, does not have a direct physical interpretation as a field
whose quanta we can measure in a detector. It is, in fact, possible to gauge away ¢, entirely,
as we shall now see explicitly.

Since mathematically U(1) ~ SO(2), our U(1) gauge transformation of ® amounts to an

SO(2) rotation in the (¢y, ¢2) plane. Using (141]) (142)) and (145 we write the components

of ® in unitary gauge as a gauge-transformed vev in the ¢, direction. Infinitesimally,

¢y = ¢1— ey
¢h = eAd1+ ¢y + V2eAv (147)

(You can of course very quickly find the finite version of this equation too: you should get
cosines and sines.) The critical observation is that we have (just) enough gauge freedom to
use A(x) to make ¢o(z) identically zero everywhere. You should perform the exercise to see
this in very explicit terms yourself. Then, relabelling ¢ to be just ¢, we obtain

L =—LF"EF,, —e*? A A, +1(0"$)(0,0) —2Av*$* + (cubic terms)+ (quartic terms) (148)

Our Lagrangian now contains only two fields: A, and ¢. No trace of the eaten would-be
Goldstone boson remains in unitary gauge. This was of course done totally on purpose.

Let us now briefly make contact with the Higgs mechanism in a condensed matter physics
context. Consider a static configuration in our Abelian Higgs model above. The (negative
of the) Lagrangian would then reduce to

- Dg/ﬂstatic =F= %

N N 2 5 412
(V — ieA)CI)‘ + (=) B + A% 0] + 1|V x A‘ (149)

(Note: in our signature convention, 9, and A* are decomposed as {8,} = {dy, V} while
{Am}={A,, A} so that {A,}={A, —A}.) This quantity F is exactly the same as the Landau-
Ginzburg free energy in condensed matter physics, with the role of the wrong-sign mass
parameter played by

12 = (T, ~T) (150)
near the critical temperature 7T, and with the role of ® played by the macroscopic many-
particle wavefunction whose use is justified by BCS theory. When T > T, the minimum free
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energy is at |®| = 0. By contrast, when T' < T, the mass term becomes “tachyonic”. We
can analyze the physics that ensues by focusing on the current that is conserved because of
U(1) gauge symmetry,

T, = ie®* 9, — 2| ®[?A, . (151)

The spatial component of this is the usual 3-vector current j When T' < T, and ® varies only
a teeny bit across the physical system, the second term in the current is strongly dominant.

It gives
2,2

j‘g—eA“ A=A, (152)

This is the London equation. It shows that the resistance must be zero, as E = j’R and
E = —8@/ ot. Tt is also easy to derive the Meissner effect, viz. explusion of magnetic flux.
Starting from Ampere’s Law V x B = 7 and using the Bianchi identity V-B=0 gives
V2B = +k2B. So B has exponential falloff in position space, indicating that the magnetic
field only penetrates to a characteristic depth set by 1/k. Also, V2A = —i—k:ZA', which would
in relativistic form suggest a photon mass k. Again, this just the Higgs mechanism at work.

Our first way for symmetry of a complex scalar field theory to break spontaneously was
for it to rest on global symmetry. In that case, we had

e Goldstone mode
e Lagrangian had 2 massive scalars
e SSB gave 1 massless scalar + 1 massive scalar

In the case of spontaneous symmetry breaking for a charged scalar field coupled to an Abelian
gauge symmetry, we ended up with

e Higgs mode
e Lagrangian had 2 massive scalars and 1 massless gauge field
e SSB gave 1 massive gauge field + 1 massive scalar

Notice the remarkable thing that happened here — the photon ate the second scalar field
and became massive! Accordingly, the second scalar plays the role of the longitudinal po-
larization of the gauge boson. This is nowadays called the (Abelian) Higgs phenomenon,
although several important names should be credited as well, including Philip Anderson.
The J.J. Sakurai Prize for Theoretical Particle Physics in 2010 was awarded to {Robert
Brout & Frangois Englert}, {Gerald Guralnik, Carl Hagen, & Tom Kibble}, and Peter Higgs
“for elucidation of the properties of spontaneous symmetry breaking in four-dimensional rel-
ativistic gauge theory and of the mechanism for the consistent generation of vector boson
masses”. Two of them, Englert and Higgs, won the Nobel Prize in Physics 2013 “for the
theoretical discovery of a mechanism that contributes to our understanding of the origin
of mass of subatomic particles, and which recently was confirmed through the discovery of
the predicted fundamental particle, by the ATLAS and CMS experiments at CERN’s Large
Hadron Collider”.

The gauge defined by equation (147) is known as the unitary gauge. It is very handy
for keeping track of only the physical degrees of freedom and unitarity. On the other hand,
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unfortunately in non-Abelian gauge theories the Green’s functions in unitary gauge do not

have a renormalizable perturbation expansion — although the S-matrix does. It is therefore

traditional to use the R¢ gauges, which are well-suited to this task, defined by G4 = 8’%4;? +
Egugy =0, i.e.

1 1

Ly = ——G G = ——

S 2

These gauges are a kind of interpolation between unitary gauge and a different class of gauge

where renormalizability at loop level is easier to track. We will be able to explain this after

we have introduced Fadeev-Popov ghosts.

(9" A2+ Eguos)” (153)

We now turn to the case of a non-Abelian gauge symmetry, to illustrate the essential
physics needed to explain electroweak symmetry breaking mechanism in the Standard Model.
Consider the O(N) model, with N real scalar fields ¢!, where N = 3. Then

g:%DH¢1DN¢I+%M2¢I¢1_)\(¢I¢1)2_%F;UJIF}{V (154>
where

Dol = 8,00 +96JKIAZ¢K

Fl, = 0,A,—0,Al + g’ T AT AL (155)
The reason why we are seeing €/’ appearing is that they are the structure constants of
O(3). These are exactly the same structure constants as for the group SO(3), for a good
reason. As you may wish to prove for yourself, orthogonal matrices O [over the reals| obey
det(O) = £1. The part of the O(3) group connected to the identity matrix is SO(3); in
D = 3, the rest of O(3) is obtained via a parity transformation. Therefore, the structure
constants for o(3) are the same as for so(3). Note also that, at the level of the Lie algebras,
su(2) and so(3) are isomorphic. That is why we get e//K for so(3) as well as for su(2).
At the level of the Lie groups, SU(2) and SO(3) differ. In fact, SU(2) is the double cover
of SO(3). Again, this is directly related to the fact that spin occurs for free fields only in
integer or odd-half-integer values (in units of ).

The quartic potential with wrong-sign mass term has a minimum at

|po| = % (156)

As with our Abelian case, let us choose the vacuum to lie along
Po = vés (157)

The physical fields are then: {¢1, ¢o, p3 —v = x}. As you can check, straightforward algebra
gives

7 % [(0"0")(0,0") + (0"0*)(0,0%) + (0"X)(8,X)] + vg [(0u1) Al — (,02) AL
%0292 [(AAL) + (A% A2)] — i(aquI/ — 0, AL)"
+4v2\x? + (cubic) + (quartic) (158)
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Notice what has happened here: only x got a mass amongst the scalars, while A}f have
become massive. In other words, there are two would-be Nambu-Goldstone bosons which
have been eaten.

In unitary gauge, we set

5@) = é303(7) = é3(v + ) (159)

everywhere. There is just enough local O(3) gauge symmetry to accomplish this feat, at
every z*. Then, in unitary gauge only,

3
> (D"") (Dugh)| = v’g” (A, AY + AZAP) + (9"x) (9,X) (160)
I=1 U
and
1, 1
L, = ~1 (o# AT — ¥ AP (0, AL — &,AD - §v2g2 (AMTA) + A2 A%)
‘i‘%a“X@uX — 4v*\x® + (cubic) + (quartic) (161)

We should now pause to check that we have a proper accounting for the degrees of
freedom of this O(3) linear sigma model in both the Higgs and Goldstone modes. Before
any SSB, of course, we would have had 3 massive scalars and 3 massless vectors, giving
(3 x 1)+ (3 x 2) =9 physical degrees of freedom. For SSB modes in the O(3) linear sigma
model, then,

Higgs Goldstone
e 1 massive scalar (x) e 1 massive scalar
e 2 massive vectors (4, A?) e 2 massless scalars
e 1 massless vector (Agb ) e 3 massless vectors
e Total: (1 x 1)+ (2><3)+(2):9 e Total: (I1x1)+(2x1)+(3x2)=9

The interesting thing is that this relatively innocuous looking O(3) model possesses all
the important features of a non-Abelian gauge field theory coupled to a a Higgs field, giving
rise to SSB, Goldstone fields getting eaten and fattening their respective gauge bosons in a
manner consistent with local gauge invariance. Here we even had one remaning unbroken
generator, so that one scalar remained massive and the Ai component of the non-Abelian
gauge field stayed massless. This feature is mission-critical, as the photon is known to be
massless to an extremely high degree of experimental accuracy.

3.4 The Higgs boson

One of the main reasons for introducing the Higgs is to produce massive vector bosons in a
manner consistent with gauge invariance. This is achieved via spontaneous breaking of the
SU(2); x U(1)y, leaving the electromagnetic gauge boson massless while giving masses to
W=, Z. Another equally important feature is that the Higgs gives mass to fermions in the
Standard Model, quarks and leptons included.
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For a fermion mass term, we need something that couples left- and right-handed fermion
fields. A plain old ordinary mass term for the fermions would be forbidden by SU(2); xU(1)y
gauge symmetry, so we need another way forward.

Let us first discuss the case of the leptons. Since Ep, is an SU(2); doublet while eg is a
singlet, we will need a [conjugate] SU(2); doublet representation in order to have any hope
of making an SU(2)-invariant Lagrangian from E, eg . i.e.,

I(®) =+ (162)

N[

Indeed, a Yukawa coupling between the Higgs scalar and the electron-generation fermions of
the form B
Lk D —Ae (EL<I)eR + h.c.) (163)

would achieve the desired mass term structure — provided that ® were to develop a vacuum
expectation value through spontaneous symmetry breaking. This term respects SU(2); as
written. We also need to make sure that our Lagrangian for fermion-Higgs interactions is
U(1)y invariant. Left- and right-handed fermions differ in hypercharge: Y (Ep) = +1/2,
Y (er) = —1. Accordingly, the Higgs must transform in the following way to respect hyper-

charge gauge symmetry:
1
Y(®) = +§. (164)

Because Q = I + Y, the upper component of the Higgs doublet will have charge Q = +1
and the lower component will have ) = 0.

Now we must check that these charge assignments also work for the quark sector while
continuing to respect SU(2); x U(1)y gauge invariance! Let us see if we can write down
a consistent Higgs-quark Yukawa coupling. As it happens, an accident of group theory for
SU(2); lets us get away with it. For the down-type quarks, we can write

gyuk D) _)\dQL(I)dR + h.c.. (165)

In order for this coupling to respect U(1)y as well as SU(2);, we need for the total hyper-
charge of this Yukawa term to vanish. We know that Y (Qr) = +1/6 and that Y (dg) = —1/3,
so that indeed the Higgs with Y (®) = +1/2 will do the trick. For the up-type quarks, we
have to try something different to respect hypercharge and isospin invariance. This time, let
us write

Lok D —MQrPup + hec. (166)

where the putative doublet field P must have the opposite hypercharge to ®, because Y (u R) =
+2/3 and Y(Qr) = —1/6 and so Y (®) = —1/2. The fortunate group theoretic accident of
SU(2)y is that for an isospin-half doublet, we can make another isospin-half doublet with
the opposite charge from the original simply by recruiting
2
b=iTd*. (167)
2
You can check for yourself that this works or look it up in a group theory for physicists
textbook. This trick does not work for other gauge groups. It is quite remarkable that we
only had to use one Higgs field here, in order to write down Yukawa couplings that via
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SSB would give masses to the electron-type lepton and both up-type and down-type quarks
but not to the neutrino. In a more general theory, for example in SUSY QFTs, it will be
necessary to have at least two Higgses, one up-type and one down-type.

In sum, the combined SU(2); x U(1)y invariance tells us to put the Higgs in an SU(2);
doublet; its upper component is the positively charged Higgs while its lower component is

the neutral Higgs:
ot
o= < (,150) (168)

Since this is a complex scalar doublet, it has four real degrees of freedom.

Since we have already constructed gauge-covariant derivatives in general, and worked out
the isospin and hypercharge assignments of the Higgs in particular, we can now write down
a Lagrangian for the Higgs which exhibits SSB and the right kinds of gauge invariance:

% = (D"®)' (D, ®) + %;R@ch - %)\ (dP)”
+ (—AEEL%R —MOrdug — MO ddy + h.c.) (169)
where
D,® = (aﬂ — %igJiW/i - %g’Xu> P (170)
The total Lagrangian will then be
L=L+Lp+ % (171)

There are some important caveats to bear in mind. Our one-generation model, as written
above, fails to capture some important features. In particular

e No CP violation can occur in this model. CP violation requires three generations — see
e.g. the citation for the 2008 Nobel Prize. Other good resources for grokking this are
the particle theory textbook by Cheng and Li and §20 in Peskin and Schroeder.

e Gauge eigenstates for fermions (which transform neatly under isospin and hypercharge
gauge transformations) are not necessarily mass eigenstates. In other words, the
fermion fields typically get a mass matriz from SSB. This complicates the physics
significantly, in an interesting way.

3.5 Vector boson masses

The self-interaction we chose for the Higgs included the signature ‘wrong-sign’ mass term,
to trigger spontaneous symmetry breaking.
We pick the vev for the Higgs, spontaneously breaking gauge symmetry, to be aligned as

follows:
0
— 172
0 <77) (172)

(173)

where



We now impose unitary gauge, in which the charged Higgs is set to zero using local gauge

o = () ) i

To discern which combination of gauge bosons remains massless in response to SSB, we need
to look harder at the structure in the SU(2) sector. Note that since W), W’ ( Z) we
have, in SU(2) matrix space,

1 WP W —iw?
7 %
W= (Wl awr o w ) (175)

Therefore, as a matrix, the covariant derivative takes the form

( Wi W) z’Wi)

(D) =100 = ig ¥ X =519 1 iz gy

(176)
This form would be different if we were working with either a different symmetry group or
a different matter representation.
Then our Higgs has gauge-covariant derivative
1 2 1_ 2
Db Ry ( gn(W, —iWg) + fgcr(Wu —iW3) )

0

. 177
\/_2(80) +n(—gW; +9'X,) + ﬂo(—ng +1X,,) (177)

It is therefore straightforward to show, as you should work out explicitly, that

D'®'D,® = —8“08 o+ ig n? (W)* + (W2)?) + ;ln2 (gW — g'XM)2 + (cubic) + (quartic)

(178)
We see that three vector bosons out of the original four have obtained a mass, while one has
not. Specifically, the massive guys are two charged W-bosons

Wi = J5(W, £iW}7) (179)
and one neutral boson called the Z:
W3 —g¢X
Z, = (g’;—w = cos Oy W) — sin Oy X, (180)
9+ (g
By construction, this field is orthogonal to
Wi+ gX,
A, = (‘q;‘—(g/)g) = sin QWW;)’ + cos 0w X, (181)
g+ (g
The Weinberg angle is given by
/
tan Oy = 2 (182)
g
and so | . )
2 2,2 2
S = _g°- 183
My =590 = 597 (183)



and

2 mIZ/V 2
e 184
Mz = o2 O > My (184)

Working through the algebra gives, for the fermion-gauge interaction Lagrangian,

£ D gsinby [(-Der'e+ (3)uy"u+ (—3)dy"d] A,
[—l—yefy ( W, + Epy*(sin? Oy )er + upy" (——sm Ow )ur + dgy* (—i—% sin® Oy )dg

cos Oy
2 (b s e 74O — 3sin® Oy Jug + iy (<3 + b sin® 0)dy) Z,

+L [(er"er + ugy"dr) W, + e (185)

V2

The vector boson A,, couples only to electrons, not to neutrinos. This is of course exactly
what we wanted: electrons are charged while neutrinos are electrically neutral. Even the
form of the “electromagnetic current”

T = (=D)eyue + () — (5)dvd (186)

is correct, if we identify
e = gsin by (187)

The neutral Z, boson couples to the “neutral current”, with strength g/ cos Oy

Jy = Ve%( e + GR%(Sm Ow)er + UR%(—‘ sin® Oy Jur + dR7u(+ sin® Oy )dp
+eryu(—3 +sin®Ow)er + Uy, (+3 — 2sin® O )ur, + dpy(—35 + 5 sin® Oy )dy, (188)

This talks to neutrinos, electrons and quarks. It is not left-right symmetric.
The “charged current” for the le , coupling to it with strength g/v/2 is

JE = (DE’VMQL + ﬂL’YudL) (189)
and similarly for its Hermitean conjugate for the W . This vertex is relevant for e.g. beta

decay.

3.6 Fermion masses

Recall that we started out with a Lagrangian with no explicit fermion masses, in order to
be consistent with SU(2) x U(1) gauge invariance. We could however write down a gauge-
invariant coupling between the Higgs and the fermions that took the form of a Yukawa
coupling

Lok D —f (EL(I)GR + éR(I)TEL) + (quarks)
= -\ (DeeRgb+ +érerd’ + éRVe(gbjL)T + éReL(ngO)T) + (quarks) (190)

In unitary gauge, when SSB occurs, this single-generation Lagrangian collapses to

Ly D —Aen (€er + €ger) + (cubic) + (quarks) (191)
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One very important consequence of this Standard Model — just as true for three generations
as for one — is that neutrino masses are identically zero.

2
v

m;, =0 (192)
There is simply no way to create neutrino masses consistent with SU(2) x U(1) gauge
invariance. Accordingly, all neutrinos are of left-handed chirality while all antineutrinos are
right-handed.

The electrons and quarks, on the other hand, have masses governed by the strength of
the Yukawa couplings A. .4 as well as the vev of the Higgs, for instance

me = (/\e)ﬁ (193)

This expression for the fermion mass is all well and good, but how does it relate to

quantities that we can actually measure in the laboratory? In order to tease that apart, it
helps to recall

myy (194)

_ L n
V2V
Therefore, to find the ratio of the electron mass to the W mass, we need to focus on relating
the strength of the Yukawa coupling A, to the SU(2) gauge coupling g.
The charged current coupling to W¥ is simpler in structure than the neutral current, so
let us focus there. We have g/\/§ for either the v.—e; —W ™ vertex or for the u;—d;,—W
vertex, and the same goes for their Hermitean conjugates.

Ve -

W
&

2

Consider the structure of the propagator for the massive gauge bosons. At low momen-
tum, the detailed momentum dependence in that propagator, whatever it is in whichever
gauge, can be expected to collapse into the simple expression

. iNa
lim ACP(R) = 57 (195)

Combined with this propagator, the Yukawa couplings would give rise to an effective four-
Fermi interaction at low energy of the form

g2 77#1/
Ly D —EJﬁ(quark)Tm2 J:(lepton) (196)
W
where
Ji(lepton) = Deyer
Ju(quark) = dpy,ur (197)
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The coefficient of the effective four-Fermi interaction was historically written as the Fermi
decay constant of Enrico Fermi’s attempt to explain the weak interactions. At tree level,

Gr _ g’
V2 o 8mi,
Very similar logic can be used to obtain the four-fermi vertex for muon decay (into an electron

and some neutrinos) as well.
The experimentally measured value is

(198)

107°
Grp ~ 199
F m2 ( )

proton

From this, we can conclude (modulo renormalization!) that the SU(2) coupling is
107°
¢~ 4N2m2, Gy ~ = Mw (200)

This is a number less than unity, but is not especially weak. It is really the size of the
W boson mass that makes weak interactions at low energy look so weak, not so much the
weakness of g2 itself.

Neutral current scattering mediated by the Z, can give rise to neutrino-electron (or mu,
or tau) scattering which is of similar order as the charged current scattering process as long
as the Weinberg angle is not too small. Working along similar lines to our method above, we
can actually find the effective four-fermi interaction Lagrangian for both W and Z exchange
at low energy. As you should check for your own satisfaction, this yields

Jgr_}no (ALy + AZLy) = 4G72F [((];)2 + (J2)2 + (JZ’ — sin? QWJfM)Q] (201)
This expression, as Peskin and Schoeder explicitly point out, becomes manifestly invariant
under an unbroken global SU(2) symmetry in the limit that ¢’ — 0 or sin?6@y, — 0. This
custodial symmetry demands that m; = my and has some interesting physical consequences
that we do not have time to discuss here. For more details, see Chapter 20 of Peskin and
Schroeder. Note: any theory whose Lagrangian possesses a global SU(2) symmetry gives
rise to neutral current processes; you only get the intermediate vector bosons arising if the
symmetry is gauged.

The Fermi theory of beta decay was a decent low-energy effective theory. However, it
has one inexcusable drawback for anyone wanting to discover the deep structure of quark
and lepton interactions: it is non-renormalizable. Like Einstein’s theory of GR, the quan-
tum Fermi theory has ultraviolet infinities that cannot be mathematically tamed and are
not physically reasonable. This is a big reason why we all teach the Standard Model in
terms of spontaneously broken SU(2) x U(1) gauge symmetry instead — this gauge theory is
renormalizable.

Is the Glashow-Weinberg-Salam model (for which they shared the Nobel Prize) a con-
sistent quantum theory? One topic which we may have time to develop in the final week
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of this course is the topic of anomalies. Anomalies arise from loop diagrams generically,
and may spoil gauge invariance by breaking it at quantum loop level. In a beautiful twist
of group theory, the charge assignments we have made and the choice of gauge group give
rise to cancellation of all anomalies - provided that our chiral fermions appear in complete
doublet generations. This is one way that the existence of both the charm and top quark
were predicted: physics was known to be inconsistent for the existing odd number of quarks.

So how should we think about this lovely construction we have just spent an entire week
discussing, in the context of “Unification”? In the history of the universe since the Big Bang
(or Big Brane Crash, or whatever it was!), the ambient temperature has plummeted as our
universe underwent great expansion. CMBR photons today sit in the microwave, but were a
great deal hotter during the very early universe. Thermal fluctuations of a typical quantum
field in equilibrium are driven by the ambient temperature. At high-T', the |®|* part of
the Higgs potential will dominate, and the little bump of a local minimum at ® = 0 will
hardly be noticed. All four vector bosons of SU(2) x U(1) are massless in this phase. At
lower temperatures, however, the average thermal energy for any field mode gets drastically
reduced, and so the topography of the Mexican Hat potential will become very important.
Once the average thermal energy drops below the height of the bump, SSB occurs. We see
that at low energy W=, Z become massive — as do all the quarks and leptons save neutrinos
— while the photon stays exactly massless.

3.7 Multiple generations and CP violation

Before we move on to Feynman path integrals, we can give a quick outline of why CP
violation in the Standard Model requires three generations.
Consider 3 generations of quarks and leptons as fundamental vectors in flavour space:

e’ v u d
e
()= () =1 v, (pi)=1 ¢ () =15 |,
T 78 t v

where ¢ = 1...3. These can be combined into SU(2) isospin doublets in gauge space as

V! I
(%), @-(),

Such gauge eigenstates transform nicely under weak isospin and hypercharge.
Starting from minimal coupling and known isospins and hypercharges, we can show that
the interaction Lagrangian between the above fermions and the vector bosons {W4, X} is

/
Lrin = Ly i (@ - igUAWA"‘ Z%X > Lip +€pi (@ +ig N ) eipt
oV _-gA A_-g/ / - _2i/ / =/ Z‘/ /
+Qit (¢ 150 W ZgX Qip +Pigi | 9 ggx Pir + Mgt ( @+ §9X Nip -
Using symmetry arguments exactly patterned on the one-generation case we covered

earlier, we can also see why Yukawa couplings for the multi-generation case must take the
form

Lyak = fi[? I_’;L P €;R + i[;] Q;L q:)p;R + z‘[;'l] Q;L P n;‘R )
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where fi[;’"’d} are Yukawa couplings for leptons, up-type quarks and down-type quarks, and

(i) = %O’Q(D* .
Recall that this ® is built entirely out of ®; it is not a new Lagrangian field.
For the rest of this discussion we will focus on the quark sector only, for simplicity.
Now imagine SSB happening. There will generically be a mass matriz M for quarks, as
you can see by looking at the form of Zy,,. There is no physical reason to expect the quark
mass matrix to be diagonal - or even symmetric or Hermitean. This mass matrix M can be
diagonalized by a biunitary transformation

STMT = M,

where M, is diagonal and S, T are unitary. Accordingly, we can show that for a quark gauge
eigenstate v’ there is a v which is a quark mass eigenstate:

VLM = b Mgg

where
Yy, = S, and Y = Tg .

Suppose that we have n generations of quarks, each of which is an isospin doublet. A
general n X n unitary matrix U has n? real components, and this can be characterized in
terms of n(n — 1)/2 real rotation angles and n(n + 1)/2 complex phases. However, not all
these phases turn out to be physically observable. Some of them can be eliminated by quark
field redefinitions! In particular, if we note the fact that only charged weak currents are
nondiagonal in quark flavours,

d
cfcc:i(ﬂ,é,t_)[l’y‘u U S W:—i—h.c.
V2 b
L
we can see that changing the phase of only one row or column of a unitary matrix appears
to not change any physical observables. There are 2n such phases. But we actually double-
counted one: pulling out a general phase out front of the whole unitary matrix does not
change physical observables either. So there are actually only 2n — 1 unphysical phases.
Ergo, the final number of physically observable phases is

1 1
Snln+1) = 2n—1) = S(n—1)(n-2). (202)

We therefore need at least 3 generations for CP violation: n =1 or n = 2 won’t cut it.
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4 The Feynman Path Integral

4.1 FPI for non-relativistic point particles
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The Path Integral Formulation of Your Life

Note: the discussion in this subsection is based on §9 of Peskin and Schroeder.

Recall from QFT1 that if we wanted to compute the quantum mechanical amplitude for
a particle to go from z, to zp in a time 7', we would write down the expression

U(xa,xp;T) = (xb|e_iHT|xa> )

(203)
where H is the time evolution operator. Richard Feynman, a truly great theorist and ex-

perimentalist, proposed that we should think about quantum mechanics as a sum over all
possible paths. Specifically, Feynman proposed that

Ulzg,xp;T) = Z exp (i[phase]) ,

(204)
all paths

where the phase is proportional to the action S. This is motivated because classical paths
have stationary phase and stationary action,

O

=0.
ox

T=Zc]

(205)
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The role of the proportionality constant between phase and action is played, as you might
expect from dimensional analysis, by h. In other words, Feynman proposed that

xbwrav /-@x < S[h(t)]) ) (206>
for very general systems.

To see how the above functional integral works, in particular to understand 2x(t), it
is instructive to figure out the measure by discretizing. This discretization trick is extremely
useful in quantum field theory in general, and in fact all of lattice gauge theory is based on
it. Although, when a physical theory is properly understood, the same result must of course
be obtained by any other regularization method.

ITN—-1 Iy
t="T f
T~ —
t=c¢
t=20 S :
Iy I Ao

Figure 9.2. We define the path integral by dividing the time interval into
small slices of duration e, then integrating over the coordinate zy of each
slice.

Consider time evolution from ¢ = 0 to t = T in steps of €, approximating the paths by a
sequence of straight lines. Since we are working in the non-relativistic approximation for a
point particle, we have for the action

S — /0 "t (%ma‘vQ - V(g;)> - zk: E(wm )’ — eV (:”’“%”k)} L (207)

Anticipating a future need, we allow each segment to have its own normalization factor in
the definition of the measure, and write

foste = oi /d“/éff;“-/%

teo dl’k

(208)

Note that one factor of C'(¢) was included for each of the N time slices. Our task here is to
find, in the continuum limit € — 0, the factors C'(¢) and the differential equation obeyed by
our friend U.
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Consider the difference between the penultimate and final steps in the sequence x1, 5, - - -
For this step we have

U(za, 7. T) = /:O Od(ye) exp (% {m(f”;—e—y)? _ %ev(“;y)D  Ulza,y: T — €), (209)

where the right factor of U(z,,y; T — €) incorporates all the data from the previous slices.

Now notice how this integrand behaves in the limit ¢ — 0. F'irst, note that the potential
term varies weakly with €, as V(x) is well behaved. Secondly, the kinetic term oscillates
wildly in the phase €*¥/" which makes the energy cost prohibitive unless y is kept really
close to xp. Therefore, expanding in a Taylor series, we have

T dy i m 9 i€
U(l'a;xlnT) = . WGXP (ﬁg(l‘b —y) ) X |:1 — %V(mb) + .. :| X
0 1 0?
X 1+<y_$b)8_%+§<y_$b) 922 + | X U(zg, 20, T — €) . (210)

Because of the Taylor expansion, the integral over y reduces to a simple Gaussian. Recalling

that
by? d y2 - 211
/ dye / yyle” 2b 7 (211)

1 2mh ' jeh 0?
U(‘rmxb; T) = (6 E_Z;) {1 - EV(ZL’(,) + %_ + ﬁ(E)Q} X U(xtlvxb; T— 6) : (212>

we have that

This equation does not make any sense as € — 0, unless

Cle) = /2 (213)

—im

This requirement then implies the following differential equation for U in the continuum
limit: 3 2 g
th—U(zg,2p;T) = ———=
oT ul i T) { 2m Oz
which is our old friend the Schrédinger equation!
One more consistency check is in order. We know from our adventures with canonical
quantization that

+ V(l‘b)} Uz, 23T, (214)

%ir%(xb|e_iHT|xa> = 0(zq — ) . (215)

Compare this to our discretized equation,

—im im
——(xp — x4 o . 21
The discretized quantity, in the continuum limit € — 0, is exactly the same mathematical

beast as the delta function. We just regularized it in such a way that it is the limit of a
Gaussian in the discretized picture.
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This is excellent — our Feynman Path Integral story and canonical quantization give
the same result. Fortunately, this agreement between functional and canonical quantization
methods is not limited to a simple non-relativistic point particle. In all QFTs understood
well enough to analyze, this equivalence remains solid. The reason we are switching you to
the path integral is that beyond spin-half it is much easier to calculate with — especially if
you have any meaningful symmetry in the picture such as gauge symmetry.

How about the extension to any system with (¢’, p;)? The analysis is very similar, except
in a few places. First, a useful identity is 1 = (Hl dqf) |¢®)(q"|, where k indexes timesteps
and ¢ indexes coordinates ¢'. Second, as Peskin and Schroeder explain on p.281 of their
textbook, for general operator ps and ¢s it is ambiguous as to how to define matrix elements
we need. For brevity’s sake, it is assumed that the Hamiltonian is Weyl ordered, to remove
position/momentum ordering ambiguities. The next step in the story involves expanding
in momentum eigenstates and position/momentum wavefunction overlaps. For the cases in
which the Hamiltonian is a function of only the canonical momenta, the algebra goes through
straightforwardly. More details may be found in Peskin and Schroeder. After the algebraic
dust settles, the result in the continuum limit is

Ulqgo,qn; T) = {H/ dg;dg } exp (%S) . (217)

Of course, the measure appearing in this continuum expression is none other than the usual
measure on phase space. This is what we will now generalize to fields.

We can now take this formula derived for dynamical coordinates ¢*(t) and canonical
momenta py(t) and realize that the only difference for quantum fields — animals that are
functions of relativistic coordinates z* — will be to replace

¢'(t) — ("), (218)

where A is a collection of spacetime and/or internal indices on the quantum field.

4.2 Functional quantization for scalar fields

The functional quantization method, as compared to the canonical approach of expanding
field operators in Fourier expansions of creation and annihilation operators, has a number
of distinct advantages. One of the most important is that the Feynman Path Integral (FPI)
inherently preserves symmetries manifest in the action such as gauge symmetry and Lorentz
symmetry — something the canonical approach cannot do.

Let us now focus on a specific example of how to do field quantization in the functional
approach. We pick the spin zero scalar field to begin with, as it lets us see the physics
without getting distracted by spinors or gauge invariance. We choose a minimal kinetic term
and write

L =10"00,0 — im*¢* =V (¢). (219)
Recall that this gave rise to a Feynman propagator
1
(k%2 — m? + ie)
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To see how the Lagrangian arises in the phase for scalar field theory, we need to work out
the transition amplitude. To find e *#7/" we need the Hamiltonian density, which is

H = 11—
= 1P+ 3|Vo|* + im*¢® + V(¢), (220)

where II is the field canonical momentum 0.2 /d¢. Then
o T
e on(a) = [ goomes(y [ar [t
0
X [H o — A1 — 1Ve|? — m?¢® — V(¢)D . (221)

Since this is an integral at most quadratic in II, we can complete the square and do the
integral analytically: it is just a Gaussian. (If there’s anything a A physicist can do, it’s
Gaussian integrals!) The result just gives a normalization constant out front, allowing us to
define

ol o) = [ 2000 (3 [ [ata zioton) . 22

N.B.: Morally, you should think of the Hamiltonian as being defined via this relationship.
It is the Feynman path integral — the right hand side of this equation — that we will consider
fundamental to Quantum Field Theory. FPI technology is extremely powerful and will
allow us to quantize fields of spin one and greater with a lot more ease than with canonical
apparatus.

Physicists studying QFTs always want to know about how field operators correlate
amongst one another. The most basic correlator to study is the two-point correlation
function, and so we now set up the procedure for finding it.

Suppose we consider time to run from —7" to +7', and that ¢;,¢, are two intermediate
times in the range [—7,T]. Suppose further that we define our scalar field to take endpoint
values

¢(=T,x) = da(z)
O(+T, ) = ¢u(x), (223)

and let the interior values at t;,t5 be defined as

O(t2, x) = Pa(). (224)

Consider the following quantity

== [ 2ot tmstaren (i | 20)) (225)

=T

We will use this as a starting point and then take a specific type of large-T" limit in order to
extract the two-point correlation function.
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First, let us split the measure as follows:

/@qb /%1 ) Doz /¢ ) — o

gb tQ,..'E =

P(x). (226)

\_/\_/

Now let us suppose that t; < t5. Then

Ect = / Dé1(2) Do) {n (1) (2)} X

x (e =DM gy (gole™ 2= M ) gy | D Mgy - (227)

To simplify this we need only recall that, for a quantum field ¢, ¢(x) is the eigenvalue
obtained when the Schrédinger picture field operator hits a field state:

dslo1) = ¢1(x1)|6n) (228)
Also, recall the completeness relation for the quantum field ¢:
JECUL Y (229)
Using that fact, we get
Zhiet, = (dple T Mg (wy)e TG () HEHDM g ) (230)

Notice something interesting: the quantity e'"t¢g(a)e Ht/h

field operator ¢y (z). Therefore,

Eticty = <¢b|€_iHT/h¢H(t2,$2)¢H(t1,$1)€_iHT/h|¢a>- (231)

The expression for ¢, < t; is identical, except for a shuffling of indices.

Our final trick is to strip off the T-dependence in order to get an unsullied two-point
correlation function. Assuming that our states have any overlap with the vacuum |Q2), we
take a specific kind of long-time limit:

is just the Heisenberg picture

T — oo(1 — ie). (232)

The reason for introducing the ie is mathematical: to ensure convergence. Physically, what
this long-time limit does is project the vacuum |Q2) from |¢,) and project (] from (¢,|.
To see how this works, we simply decompose |¢,) into an energy eigenbasis |n) of H, and
consider how it behaves in the long-time limit specified above. We find

€_iHT/h’¢a> — Z e_iE"t/h|n> <n|¢a>

—

—iFg-00-(1—ie)/h
T — OO(]_ _ 26) <Q’¢a>€ ‘Q> :

It is easy to see from this expression why we chose the limit 7 — oo(1—i€): only for this sign
choice does the € term give a damping and hence a physically reasonable regularization. It
corresponds physically to using the Feynman propagator (half-advanced half-retarded) with
the under-and-over contour as depicted below.
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N

To make sense of the infinitely oscillating phase part, we simply compute a ratio as
follows:

[ 96 6(e)olwa) - exp (i [*F dPu 2
QT {ou(z1)pu(z2)} Q) = lim P ( >

4 - (233)

T—oo(1—ie) [ ¢ exp (z f_JrT le'$>
This final expression is a very important formula, to which we will return repeatedly. As
you can see for yourself, it easily generalizes to higher correlation functions.

4.3 Doing the FPI for a free massive scalar field via spacetime
discretization

In a general case, the FPI cannot be done exactly. Most of the time, and for all of this
course, it has to be approached perturbatively. For clarity we now show explicitly how to
compute the path integral for a free massive scalar field (with quadratic kinetic term) in
detail, by introducing a discretization of spacetime.

We pick spacetime to be a square lattice of spacing ¢ . We further take the volume of
d-dimensional space to be V = L? (effectively an infrared cutoff). Later on we will take the
e — 0 and V — oo limits in order to recover the continuum limit. Expanding our quantum
field possessing Klein-Gordon action in terms of Fourier modes gives

1 —ikn-T;

B) = 3 e (k) (254

where the wavevector k! is

2mnk
kb = 235
p= (235)
where

nteZ, |kH| < m/e (236)

2m)D -
In general the Fourier coefficients are complex; for a real scalar field we have

9" (k) = ¢(—k) (237)

(Note that, in the continuum limit, 3 >, — [ (de

Instead of working with ¢ and ¢* we can just as easily change basis to work with the real
and imaginary parts of ¢(k,), namely Ro(k,), S¢(k,), where k2 > 0. Since a basis change
is just a unitary transformation, we can write the measure as

P¢(x) = [[ dRo(kn)dS (k) (238)

k9 >0
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In this approach where we discretized spacetime on a square lattice, we have for the scalar
field action (D =d + 1)

Sy = / dPx (la“¢3u¢—lm2qb2)
= —Z 2) (k)|

k93>0

_ _% S (m? = 12) [Ro,” + $6,”]

k9 >0

Notice that for our real scalar field m2 — k2 = m?2 — k|2 + (k%)2, a quantity which is positive
as long as kY is large enough. We will assume that this is satisfied in the following; if not,
we will define it in other regions by analytic continuation.

Now we can actually evaluate our Feynman path integral for our free real scalar field in
the discretized spacetime regularization:

Zs:07free = /@¢6i50

_ H/ (Rn)d(S¢n) | exp —é > (m* = kD)ol

k9 >0 n|kd >0
= H/ (R, )d(Sy,) exp —% Z (m?* — k)[R, |? | x
k9 >0 n|k9>0

X exp —é 3 (m? — k2)[S¢n)?

n|k9 >0

—z7rV —V
- 1l \/ (m? ~ &)

k9 >0
H —Z’ﬂ'V

Given the prevalence of (m? — k2) in the above expressions, we should wonder how
the contour in the complex plane should be handled. Earlier, we needed to take the limit
T — oo(1 — ie) in order to make a well-defined path integral. Now, note that rotating a
contour 90 counterclockwise in the complex plane yields t — #(1 — i¢). Accordingly, k° —
with its upstairs index — transforms as k% — k°(1 — i¢) in all expressions. Therefore,

(k> —m?) — (k* — m? + ie) (239)

This contour choice is necessary in order to ensure that the Gaussian integrals making up Z
converge to a physically sensible answer.

As yet, our final expression for Z is not written such a way that the generalization to
non-free fields is obvious. We now make a quick detour to describe another way of writing
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the answer, in terms of what is known as a functional determinant, which makes the
generalization to interactions and other spins more clear.
Consider a Gaussian integral of the form

I = (H/d&) exp (=& Bi;&;) (240)
k

where B is a symmetric matrix with eigenvalues b;. Diagonalize B via orthogonal matrix &',
and switch to x; variables defined by

I = (1;[ / dgk) exp (—&Bj;¢;))
_ (1;[ / dgk) exp (—Z}@-x?)
- 1(f s (-30))

=11 Z
Vb
= const. X ———

det(B)
In other words,

(H/dfk) e~%Bis% = (const.)(det(B))~1/? (242)

We will see later on that formulae like this one will arise in multiple situations in cases
with quantum fields of spins higher than zero, except that the power of the determinant is
different. In particular, we will see soonish that fermionic fields give rise to a determinant
to a positive power.

Now let us stare at what we just computed. Notice that

Sold] = %/dDa: (¢ (0% —m?) ¢] + (surface term) (243)

So, provided integration by parts makes sense in our spacetime and with our field theory,
formally we can write

B = (-0 —m’1) (244)

as a matrix. Therefore
Zy = /@gb exp (i90[¢]) = (const) - [det(m” + 82)]71/2 (245)
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This thing is known as a functional determinant, as mentioned earlier. It may seem ill-
defined, but because of what we learned in the previous subsection we know that in fact any
wildly oscillating phases in the expression for Z, will cancel out of expressions for physical
correlation functions.

Let us now see how the Wick contraction formula familiar from canonical quantization
makes an appearance in the functional path integral approach, starting with the two-point
correlation function. To see how that comes about we need to Fourier expand our fields
living on the square spacetime lattice:

o) = % D erthmg, (246)

Then, in computing the time-ordered product (233]) appropriate for the two-point correlation
function, we have for the numerator

1 ,
numerator = H /d(%(bn)d(%gbn) er—z(km.xﬁk[m)x
m,l

n|k9 >0

X (Rby + 196, (Ror +iSo0) exp |~ 37 (m? — 2) [(R6,)7 + (39,)7]

n|k9 >0

Many of the terms in this expression are zero by symmetry. In fact, the only surviving
terms arise from when

R (247)

Suppose for definiteness that k2 > 0. Inspecting k,, = +ky, we can see that the term
involving (R¢,)? is nonzero but is exactly cancelled by the term involving (J¢,)%. For
k., = —kg, because of the reality condition on the scalar field an extra relative — sign arises
between the (R¢,)? and (3¢, )? pieces, and so they add rather than cancelling. If instead
k% < 0, the final expressions end up being very similar.

Doing the integrals over R¢, and ¢, gives for the two-point correlation function nu-
merator

1 ik (21— —imV —inV
numerator = W Z e ( ) H m H m (248)

m k9 >0 k9, >0

Let’s inspect this expression carefully. If we had not included the two field operators
in the numerator (in order to find the two point correlator), then the first [...] factor in the
above equation would have been already obtained. The new part, the bit with the meat in it,
is the second factor. This is in fact none other than the Feynman propagator in discretized
form. So in the continuum limit,

de Z'e—ih(:cl—acg)

(OIT {6(21)6(22)} [0) = / B e = Delon = ) (249)
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This is ezactly the same as was obtained in QFT1 from the canonical quantization approach.

How about higher correlation functions? Well, one thing we can see immediately by
symmetry from the properties of Gaussian integrals is that in free scalar field theory

OIT {p(21)¢(22)@(x5)} [0) = 0 (250)

The next least trivial task is to compute the four-point correlator. Again, we will display
how to compute it here in gory detail, but in future we won’t repeat the same level of detail.

For the four-point correlator, by analogy with the two-point case we’ll be looking at a
numerator with the Fourier expansions of the four field operators ¢ = (Rp+ J¢) at positions
(1, o, x3,4) with Fourier mode numbers labelled by (m, ¢, p, q) respectively. Again, by
symmetry, many of the terms in the integrand are zero. Nonvanishing pieces will show up,
as with the two-point correlator case, whenever particular pairs of ¢s pair up rather than
cancelling out.

Consider one of these nonzero contributions: it occurs when

ko= —km, k= —k, (251)

After performing the Gaussian integrals, we find

1 Ak . —V
- —ikm-(x1—x2) ,—tkp-(x3—24)
V4%6 it [T e |

n|k9>0
—iV —iV
X - -
n|£[>0 (m? — k2, + ie) n|££0 (m? — k2 + ie)
— —iV
V = 0o H MDF(xl - :172)DF($3 - $4)
n|k9>0 n

Therefore, one part of the four-point correlation function is Dp(zq — 22)Dp(z3 — x4). This
should look familiar! :D It is just our old friend the Wick Contraction, applied between the
first and third field operators in the time-ordered product. By looking at the other pairings
of momenta ky, ky,, kg, kp, we can see that there are two other terms which are identical
except for a shuffling of indices. Putting all the pieces together and summing (over all full
contractions, in the language of canonical quantization) gives the four-point function

OIT {p(x1)p(w2)Pp(w3)P(24)} |0) = Dp(x1 — 22)Dp(r3 — 24)+
DF(9€1 - $3)DF(£U2 - 5134)-1-
DF(131 - £U4)DF($2 - 1’3)

Notice that the quantity : Fexp(—i/h [ dtH ) : appears nowhere in this analysis. Nonethe-
less, our newfangled functional approach produced the same answer as the canonical method.

How about general potentials? Can we say anything when the field theory is not free?
The Feynman path integral approach is of course well-suited to general potentials, in-
cluding those higher than quadratic in fields. The main restriction, as with the canonical
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approach, is that perturbation theory is the main vector for analysing the physics. Treating
the potential as a small perturbation about the free action, we perform an expansion

exp (%/de.i”) = exp (%/deogfree> X {1 +%/dD$$nt(¢) +} (252)

For instance, for

A
Lin = —H¢k (253)
for small A\ we can write
"SI/ — giSo/h (1 - %/de%Qbk + - ) (254)
Notice that ) . .
% / dPx Loy = _% / dP Ay = —% / dPx (255)

which starts to smell an awful lot like canonical quantization. In fact, as we will see, per-

turbation theory ends up being identical. More explicitly, by using our generalized formula
(233])

S 2¢ - d(x1) - d(an) - exp zijTj
QT {ou(z1) - bu(r,)} Q) =  lim (

)
T—o00(1—ie) f D exp (Z fj;“ $> (256)

It is straightforward, if tedious, to see that again

e The prefactor piece
—iV
I ey (257)

n|kn>0
cancels between the numerator and denominator.
e The full interacting correlation function is expressed solely in terms of free correlators.
e The combinatorics work exactly as in canonical quantization. In particular, all discon-
nected bubble diagrams exponentiate.

The reason we won’t be going into gory detail to compute this the same way we computed
the two-point correlation function earlier is that there’s a much slicker way of doing it —
by taking advantage of the power of functional calculus. Instead of dealing with all these
awkward Fourier transforms, integrations, etc, we’ll introduce the concept of a source in the
action. This single clever concept

S—= S+ Ssource =5+ /¢ ’ J[¢] (258)
will allow us to generate correlation functions via functional differentiation of the Feynman

path integral with respect to the source J(¢). It also bears a remarkable resemblance to a
field Legendre transformation, which is no accident.
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5 Generating functionals

First, a lightning review of the salient features of functional differentiation. The axioms for
functional differentiation are

[P uiwot o). o I =Py (259)

dJ ()
For example,

)
6J(x)

o (1 [ 0rt0)0)) = ivte) exp (s [ urtrot) (260)

Integration by parts can prove handy. For instance:

J

W/d’jy (0, () Vi (y) = =0, V" () (261)

5.1 The generating functional for all Feynman graphs

We now have enough background to define the generating functional Z[.J ]ﬂ

Zeanli) = [ 2000 [ [ 07042 + 010001 (262)

We will find correlation functions by operating on Z[.J] with functional derivatives 6/9.J.
The general n-point correlation function is then

1

OIT {0(ar) -0} 0) = (=it ) oo (i) 200

This formula holds for interacting scalar field theories. For free scalar field theory it can
be rearranged in a very explicit way which makes extracting correlation functions a piece of
cake compared to how we computed them earlier, so we now show how this works.

(263)

J=0

Consider
/d%(.,%+J-¢):/de[%¢(—82—m2+ie)¢+J-¢} (264)
Let’s complete the square here by defining
$ (@)= 0(0) ~ i [ dPyela - 1)) (265)

where Zr(x — y) is our friend the Feynman propagator. In terms of this shifted field,

/d% (L+J-9) = /de [/ (—0° —m? +i€) ¢']

9To avoid confusion, we will use the subscript 0 to refer to a free field theory, not a spin zero field theory.
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- [ @ [Py i) I
More formally, we can write
¢ =¢+ (—P —m?+ie) " J (266)

because Zr is (as you will know from PHY2403F) the Green’s Function of the Klein-Gordon
operator.
Our expression becomes

/d% %+ J @) = /de 30/ (~07 —m? i) o' = L7 (~0* —m®+ie) "] (267)
From a functional perspective, our shifted field is literally just a shift: the quantity

o =o-i [ dyTela - 4)I(0) (26)
does not involve ¢ explicitly and so the Jacobian of the transformation is unity.
99" = D¢ (269)

Therefore,
2= [ 96 e (i [ st ) oxw (=i [ @Pa®sbat) it - I @70

Notice that the first factor here is simply the free path integral. The other piece is independent
of ¢, so we can write

Bl = Zoesp (4 [ PyI0)7ea )30 e1)

This little devil of a formula is extremely useful, as we can now see explicitly by using it to
compute the free two- and four-point functions that we so laboriously extracted earlier by
discretizing spacetime and tussling with Fourier expansions.

For the two-point function:

(O[T {p(21)d(2)} 0)
_ 9 0 exp {—/dDa:dDy%J(x)@F(ﬂf—y)J(y) )
e YRy R T Nt
= Dr(z1 — 33)

J=0

Notice that taking one 6/6J brought down two identical factors, each of which had a J in it.
Therefore, the second 0/J only gave terms surviving at J = 0 when it acted on the {---}
factor, not on the Z[J]|/Z, part.
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Let’s do the four-point function too:

OIT {¢(x1)d(22)¢(x5)d(23)} [0)
) ) ) )

= 5T(en) 0 (w2) 0 () 00 (g) (% / Aad®y ] (2)Pr(x = y)J (y))

J=0

0 ) 5 1 o
T 6 (w1) 6 (22) 6 (w3) (—J(2)Pr(x — x4)) exp (_E/d 2dPyJ (2)Dp(x — y)J(y)) B
56 L
— 5JES$1) 57(za) (D (x5 — 24) + J(2) D (x — 24) T () D (y — x3)] e 27777 y

1 [
+ D (g — 24)J () D (y — 3) + J(2) D (x — 24) D (0 — 3)] € 27777
J=0
= .@F(.%g — $4).@F($1 — $2) + .@F(Z’Q — ZE4).@F(SL’1 — l‘3) + .@p“(xl — SL’4>.@F($2 — xg)

Yay! That was easy! :D
In summary: by using the source trick

S — S+ /d% ¢ - J[¢] (272)

we found the two-point and four-point correlation functions for the free scalar field theory.
Moreover, the functional differentiation process we went through straightforwardly gener-
alizes to give the n-point correlation functions for free scalar field theory. The resulting
expression is:

Al 6(g,) - - D
Jd¢] f[dq;(]iigo ¢(yn) _ pa%j)H@F(yi — ;) (273)

This is of course just Wick’s Theorem in disguise. Here, as distinct from PHY?2403F, we
derived it using functional calculus: no field operators were harmed in the production
of this formula.

5.2 Analogy between statistical mechanics and QFT

Functionally differentiating w.r.t. a source term linear in J(x) in the Feynman phase e*/"

is similar in spirit to the mechanism we often use to compute thermal average behaviour in
statistical mechanical systems. To pin this down more precisely, let us think carefully about
contours in the complex momentum plane. Recall that we had the prescription
1 N 1
(k2 —m?) (k2 — m? + ie)
in propagators, in order to render the Feynman path integral well-defined. This +ie pre-

scription ‘tips’ the contour into the complex plane in ‘under-and-over’ style just the right
direction to allow rotation counterclockwise onto the imaginary axis.

w_m_

o4
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This motivates us to wonder what the Wick rotated version of the Feynman path integral
(FPI) might be physically. Let us rotate

t=—ir (275)

Then
vox=t"— |7} = -7 — |7’ = —23, (276)

By looking at each Feynman diagram in turn, it can be shown that the analytic continu-
ation of the time variables in any Green’s function of a QFT gives a correlation function
invariant under rotational symmetry of D-dimensional Euclidean space. In D dimensions
this symmetry group is SO(D) rather than the Lorentz group SO(1,d = D — 1).

To end this exposition of functional quantization for scalar field theory, let’s now do a
specific example to see the Stat Mech ++ QFT connection. Suppose we pick ¢* theory for
definiteness. The Lorentzian signature action reads

Sy = /d%(z +J-¢) = /d% {% {(99)* — m*¢*} — %& +J- qﬁ] (277)
Wick rotating gives
SL = —’i/dD;UE |:% {—(8E¢)2 — m2¢2} — %(]54 +J- (25:| = Z/dDLUE(gE —J- (b) (278)

Since e*%r/h = ¢=58/" this RHS of the above equation is just the expression for the Helmholtz

free energy of a D-dimensional ferromagnet in the Landau theory in disguise, if ¢(zg) plays

the role of the fluctuating spin field, and J plays the role of an external magnetic field.
The Wick rotated generating functional becomes

ZJ] = / D exp (— / dPzp [ L — J~¢]) (279)

Note that this is well-definined — when the Euclidean action is large this happens either
because the field or field gradients get large. No oscillatory behaviour here; just damping.
The groundstate energy is bounded from below.

The exponential that we see above is therefore exactly like a statistical weighting factor
(recall the grand canonical partition function). Inspecting the two-point function for A = 0,
in direct analogy to before we find

dPkg exp (ikp - (xp1 — TE2))

O (ol )olrea)} o) = [ o8 SRR

(280)

In other words, this is the Feynman propagator in the spacelike region. For massive fields,
the coordinate space Yukawa potential falls off as e #r1=%r2l  Therefore, the Compton
wavelength A = h/(mc) of quanta in QFT translates in Stat Mech language to the correlation
length for statistical fluctuations. For more cute observations about crossovers between
theoretical HEP and theoretical condensed matter, try the Quantum Field Theory in a
Nutshell book by Anthony Zee.
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5.3 Feynman rules for scalar field theory

In position space, the Feynman rules for spin-zero field theory can be summarized as follows.

e Write the potential as V(¢) = g3 _; v /!

o At 0(¢"), contributions like vy, - - - v;, will arise; associate this with a diagram with n
vertices. The ith vertex has j; lines emanating from it.

e Each propagator is denoted by a line, and must either connect two vertices (denoted
by e——e) or connect a vertex to an external source (denoted by e——x)

e The E-point Green’s functions have F external lines. The number of internal lines
is given by 2] = ). j; — E.

e Each internal line connecting two points (z1,x2) is represented by a Feynman propa-
gator Dp(x; — 7).

e Each external line gets a factor Zr(y; — x4)J(x,).

e Integrate over internal and external points. For just an n-point Green’s function, omit
the integrals over external points and J(x,) pieces.

e A Feynman graph at nth order comes with a factor (ig)"v;, - - - v;,S¢ where Sg is a
combinatoric factor, equal to the number of times a graph can be obtained in a sum
over all possible pairings (normalized by the 1/;! bits in the definition of vy,).

What changes if we switch to momentum space?

e The Feynman propagator becomes: (k) = i/(k* — m? + ic).

e Instead of integrating over positions of points, integrate over loop momenta [ d°k/(2m)".

e Enforce momentum conservation at each vertex with incoming momenta {p;} via delta
functions (2m)”67 (3", pi)-

e Enforce overall momentum conservation.

This list of steps allows us to compute the physics of the interacting scalar field theory, in
the approximation |g| < 1 where perturbation theory is valid.

5.4 Generating functional for connected graphs W|/J]

Previously, we calculated the generating functional for free scalar field theory — as a prélude
to doing the calculation for interacting field theories. We found

20 = exp (=4 [ 9@ ete = )90)) (281)

Let us now use this knowledge to motivate definition of another generating functional W[.J],

which is closely related to Z[J] but different in important ways. The physical utility of the

new generating functional W[J] is that it allows us to focus only on connected Feynman

graphs, which are the ones of interest for computing physical scattering amplitudes.
Denoting by N the normalization constant in the FPI, we had

ZolJ] 1 1 /1 > 1 /1 ’
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1 1 /1\? =——mx 1 /1\* % ~*
= 1l— - x—x+—|= - == H—X (282)
2 21\ 2 X—x 31\ 2
H—X

Look at the structure we are seeing here. The physics is driven solely by »——<. Mathe-
matically, because of the combinatorics it is manifest that this exponentiates to give Zy[J].
Therefore, we define a new W[.J]| by

Z[J] = exp (iW]J]) (283)

Of course, for the free scalar field theory example, we would have Wy[J] = — [ %J Drd.

The really amazing thing about W[J] is that it has contributions from connected Feyn-
man graphs only. We have seen this directly above in the free case, but it is also pretty
straightforward to show that this conclusion holds not only for free field theories but also
for interacting QFTs as well (at least in perturbation theory). The underlying reason is the
structure of the Feynman rules, as written above.

The major physics concept introduced here is that the sum over all Feynman graphs
is the exponential of the sum over connected Feynman graphs. This follows in the
interacting case from (a) the Feynman rules and (b) the combinatorics of the symmetry-factor
Sa, because a graph G with k identical disconnected pieces has an obvious .%; symmetry
with order k!. As we develop explicit examples at one-loop level we will see this illustrated
in more detail.

One awesome thing about W[.J] is that the Feynman rules for Z[J] and WJ] are identical,
except for W[.J]’s omission of disconnected graphs. Such disconnected graphs will cancel out
of physical correlation functions anyway.

5.5 Counting powers of the coupling constant

Suppose that by a clever rescaling of fields we can write

So] = —s(9) (284)

where |g| < 1 is a small dimensionless parameter and s[¢] contains only nonnegative powers
of g. In such a physical situation we can immediately deploy the stationary phase approxi-
mation, a.k.a. the method of steepest descents. This focuses us on stationary points where

0s
6o (z)

i.e., the classical field equation in the presence of the source J.

Define a new field - a hybridized function/functional beastie - which is a regular function
of « while being a functional of J. This ¢(z,[J]) is the classical solution to the above
stationary phase equation. The connection between ¢(z, J[x]) and the connected generating
functional W[J] is

+J(z) =0 (285)

wold] = 2 (ol + [ 011)) (256)
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In the classical approximation, then, the connected generating functional is the Legendre
transformation of the classical action. Incidentally, solving the classical field equations with
a source J of €/(1) sums up all tree diagrams, with any number of external legs.

If the functional s[¢] is g-independent, then the semiclassical expansion also has a topolog-
ical interpretation in terms of Feynman graphs. To see this, start by denoting the stationary
point of the J = 0 functional integral as ¢y. Then the first correction to the classical action
is

1 62s
S ¢,5¢z—/dD:cdD5x5 —_ 287
(2)[ 0 ] 92 Y ¢( ) ¢(y> 5¢(x)5<;5(y) oo ( )
Define a rescaled field fluctuation by
A= gop (288)
Then (1) fluctuations in A correspond to €(g) fluctuations in our original fields d¢, and
1 1 ,
75101 = Ssln] + 821+ 3 g (A (289)
J

To work out which terms contribute to an FE-point function at &(g™), consider our
vertices v;, in a Feynman graph.

e The number of lines V' = ). j; emanating from a vertex has to sum up to n:

D Gi=2) =3 ji—2V =n (290)

)

Note that the —2 in the (j; — 2) term is present because of the scaling (289) above.
e The number of internal lines I is

I=3Y ji—E (291)

e The number of loops for a connected diagram is

L=1-V+1=1%> ji-E-V+1=n/2-E+1 (292)

Therefore, for a fixed number of external lines the g? expansion is the loop expansion. This
is what we set out to show.

5.6 Quantum [effective] action and 1PI diagrams

Before we introduce I'[¢], let us do a lightning review of usefulness of Legendre transforma-
tions. Consider a curve f(z). What equation does the tangent to the curve possess? Let g
be the intercept on the f axis and let u = df /dz be the gradient. Then the tangent to the
curve has equation

f=uxr+g.

Now suppose that we wish to pick u as the independent variable, and let g be the dependent
one, i.e., g = f —ux. How do we reconstruct f(z), if we know only g(u)? The problem is
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that knowing g(u) does not uniquely reconstruct f; it fails to do so because derivatives do
not see constant shifts. So we use the envelope of tangents method,

g(u) = f(z) - uz.

Let us recall a thermodynamics example. Suppose we have U = U(S,V). But S, being
extensive, does not lend itself to measurement nearly as easily as temperature does! So let
us define F(T,V) =U(S,V)— TS, where

oU
r= (%)V

which follows from the first law, dU = T'dS — pdV. The analogy here between path integrals
and statistical methanics is actually very deep:-

Feynman path integral | partition function
Zppr =" Zsy = e P

W =T+ [Jé | F(T) =U(S) - T8

Based on this knowledge, let us now introduce a Legendre-transformed connected gener-
ating functional I'[¢[J]] via

WU =il + [ 7ol (299)
Then ¢(z, [J]) is a solution of 5
w
m = oz, [J]) (294)

The quantity I'[¢(x,[J])] is called the quantum action, sometimes confusingly called the
quantum effective action. The expansion coefficients of I"

0ol = 30 o [ @i dPalaes e a)otn) o) (295)

are called one-particle irreducible (1PI) Green’s functions. Diagramatically, we construct
1PI Green’s functions as the sum of all graphs that cannot be cut into disconnected parts
by chopping one propagator line. Note that, at tree level, vertices are straightforwardly
obtained from the classical action.

You should think of 1PI diagrams as being a bit like Lego blocks. To give the punch line
first: connected Green’s functions are built from tree diagrams with

e 1PI functions as vertices;
e propagators as full connected two-point functions.

How would we prove this assertion? Begin with

LWﬂ:rwmrg/wa1 (206)



Since

52W 5 So(x)\ (s 52T -
5500~ s Y (6J<y>)‘<5¢<x>> - (6¢<x>6¢<y>> (297)

Note that this inverse is a functional inverse, in the sense of

/deK(x, K z,y) = 0P (x —y) (298)

for any K. In discretized spacetime, this is matrix inversion and (297)) is the continuum limit
of it. Another way to write (297 is graphically:

W ()

We can derive more by differentiating w.r.t. J:

BW 5 »
ST I i 2 @)

(299)

Our next necessity here is to define how to differentiate the functional inverse. It is simplest
to use the discretization of spacetime regularization, and use matrix discretization as a guide.
We know that for invertible matrices K, d(K~!) = —K~'dKK~!, and so by analogy

5F2 (U)l, WQ)

570 (300)

Wg(x,y,z) :/dle/dDw2W2(9C7w1)W2(y»w2)

Now, by definition, W[J] = T[¢[J]] + [ J - ¢[J], and so ¢ = §W[J]/é.J. Using that and the
chain rule for differentiation gives

Ws(z,y, 2) :/dle/dDwz/dDw?,Wz(%wl)Wz(y,w2)W2(27w3)F3(w1,w2>w3) (301)

Graphically, this is

You will be working out the n = 4 case as part of the second homework assignment, HW2.
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5.7 The generating functional and the Schwinger-Dyson equations

Let us now turn to connecting our powerful newfangled functional methods for doing quan-
tum field theory back to our knowledge from canonical quantization.

The story of the Schwinger-Dyson equations relies on two familiar pieces of physics from
canonical quantization: (a) the canonical commutation relations (CCRs) and (b) the Heisen-
berg equations of motion for the field operators. Their basic idea was to derive a closed set
of equations for all n-point Green’s functions. The resulting Schwinger-Dyson equations
give Z|[J] as that generating functional, and are practically useful as well. Note that in this
subsection ¢ denotes the field operator. Suppose, for definiteness, that we pick the kinetic
term to be quadratic in field derivatives:

Z = 3(09)° = V(9) (302)

where V(¢) may include a mass term of the form $m?¢?.
Since n-point Green’s functions are

OIT {p(z1) - - - d(zn)} 0) (303)

it follows immediately that the generating functional for these Green’s functions (in the
mathematical sense) is none other than the vacuum persistence amplitude in the presence
of a source J:

210 = (O[T {exp (% / P J(x) - gb(m)) } 10) (304)

Note that this equation is not the same expression as we had for the FPI: it is a canonical
beastie.
We have to be careful to keep track of the effect of time-ordering. For instance, consider

5 {0IT {¢(x)(y)} 0)
= 0o [(0] (T {0 (2)8(y) + 0(2 — y)[é(x). b(y)] }) 10)]
= (0T {95 6(x)d(y) } 10) — i6” (z — y) (305)

Here we used the CCRs [¢(x),I1(y)] = i, where II is the field canonical momentum. Also,
notice something important about the intermediate step above. Since field operators ¢(z)
commute at equal times, it might have appeared that the second term could be dropped.
That presumption would be incorrect, because it gives the wrong answer when further deriva-
tives are taken: it misses the contact term.

As an alert reader can check explicitly, the above expression can be generalized. The
result is:

F2O0|T {p(x)p(y1) - - H(yn) } 0)
= (0T {936(x)d(v1) - -~ D(yn) } |0)
—i Z 8P (x — y)OIT {(w1) - d(yj—1) (Y1) - - H(yn)} |0) (306)

This expression, involving subtle delta function pieces, is the nugget of the Schwinger-Dyson
story. The rest of our calculation will amount to using this fact that correlation functions
obey differential equations involving contact terms (bits with delta functions).
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Next, we multiply through by J(y1)---J(y,) and integrate against the nugget. For our
next trick, we then recruit the Heisenberg equations of motion for dy¢ to substitute for time
derivatives of field operators. You should check explicitly on your own that the resulting

R 1

The partial derivatives 0 in this expression are fully relativistic, and Z[J] is the generating
functional for all [canonical] Green'’s functions.

Our next step is most convincing if we work in a regularization where spacetime is
discretized. We write the nth Fourier mode of ¢(z) as ¢, and the nth Fourier mode of J(z)
as J,. In this discretized context, 9% becomes a (symmetric) matrix K,,,. In discretized
form, then, the Schwinger-Dyson equations become

Ko —i22 — [v’ (—@'i> + Jm] 21 (308)
aJ,

Now for the crucial point. Notice that the only ezplicit J-dependence in this expression is
linear. Since for Fourier transforms 0 acts like —ik, the Fourier transform of the Schwinger-
Dyson equations in our discretized world will be a set of first-order PDEs. Nominating our
Fourier transform variable to be ¢,, we write the solution as

1) = / (48] exp (iS[] + iTutrn) (309)

The Fourier-transformed Schwinger-Dyson equations then become a differential equation for
this creature S:-

oS oV
— = Ko — —— 310
06m ~ ™ B0, (810)
This equation has an obvious solution:
S = 20mKpmntn — V(9) +c (311)

The additive constant cannot be determined from the Schwinger-Dyson equations as those
equations are homogeneous in Z. Let us now return to the continuum limit. We have:

5= / Pz [~166%6 — V(9)] = / Pz [+1(06)° — V()] (312)

where we used integration by parts and absorbed a normalization constant.
Notice that this is the action for the scalar field theory whose physics we started out to
study. In other words, our friend the familiar Feynman Path Integral with a source term

Seource = / dPz ¢(z) - J(x) (313)

literally is the object which is the generating functional for all Green’s functions - in the
[free or| interacting theory. This fact holds in canonical quantization so of course it must be
true! This gives us another reason, albeit based in canonical quantization, to pay attention
to the generating functional with source Z[J]. Either way, Z[J] is a very powerful animal
and we will be using it to make sense of loop diagrams for spins 0, %, 1 in the path integral
approach.
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5.8 The S-matrix and the LSZ reduction formula

This subsection is based on part of the slim but powerful textbook by Thomas Banks.

Consider a situation in which past infinity and future infinity are places where we can
widely separate incoming/outgoing particles. Define a basis of “in-states” |in) and a differ-
ent basis of “out-states” |out), which each form a basis isomorphic to the Fock space of a
collection of free particles. The overlap is (in|out) = 0. The interior of spacetime is the place
where the all-important interactions occur. The S-matriz is defined to be the animal which
takes in-states to out-states.

One very important property of QFT is the cluster property, which says that connected
parts of Green’s functions fall to zero at large spacelike separations. For massive fields this
falloff is exponential, making definition of in- and out-states straightforward. For massless
fields it is power-law (think Coulomb’s Law), and because of infrared (IR) divergences the
business of defining an S-matrix can be tricky. In the following, we pick massive fields, in
order to sidestep this technical subtlety. Further information may be found in the textbooks
listed on the course web site.

The S-matrix is a unitary transformation on a subspace of Hilbert space, the “scattering
states”, which are orthogonal to all bound states of the particles. The entire Hilbert space
is thus spanned by scattering states, but only if we treat bound states as separate particles.
We will make this assumption in the following as well.

Here is a cartoon picture of the setup for the S-matrix.

In the interacting QFT it is very difficult to compute the physics and know the energy
eigenstates of the Hamiltonian. The technology of Green’s Functions allows us to finesse this
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problem somewhat. But our most helpful tool here will actually be the Lehmann-Symanzik-
Zimmerman (LSZ) reduction formula, which provides us the connection between Green'’s
functions and Feynman graph technology and the physical S-matrix.

Assume that there exists a single-particle state, of mass m and spin zero. (Note: this
story can be straightforwardly generalized for other types of fields than massive scalars.)
Assume further that there exists a local field ®, which is not necessarily an elementary

Lagrangian field, such that
z .
O1@(@)|p) = | 5mas e’ (314)
(2m)92E,

where E), is the energy associated to the particle with momentum p. As you should check,
the form of the RHS here follows directly from Lorentz invariance. z is a normalization
constant and should not be mistaken for the entire functional integral Z[J].

Let Z[®] denote the generating functional of Green’s functions of the field ®. Let the

source be ' .
T=Y T+ T (315)
i J

where components of J are defined by

L O(x) = —=€l i Yy (Dbl — PO D 1
/‘]m (.flf) \/Eem timoo/d IL'( a0¢1n ¢1n80 ) (3 6)
Here €/ is an infinitesimal expansion parameter, and ¢! is a normalizable positive-energy
solution of the Klein-Gordon equation. For a free field, the RHS of the above equation would
be just the creation operator for a one-particle wavefunction ¢;,. Notice that

e For any local field ®(x), the source creates a state localized around an infinitely spa-
tially distant point in the limit ¢ — —oo.

e For a matrix element (n| [ J®[¢)) between states |¢) and |n) with fixed momentum
vectors pt, the only surviving terms in the limit ¢ — —oo arise from (pi — pﬁ,‘)2 = m?2.

o [f we pick all incoming and outgoing wavefunctions to be spatially localized around
different asymptotic directions in the limit ¢ — +o00, then this operator acts just like

an “in” creation operator even in the interacting theory!

Similarly, the “out” part of the source J acts like a sum of annihilation operators. In that
case, the outgoing wavefunctions are negative-energy solutions of the KG equation (this is
a convention: we have chosen “all momenta incoming”), and we take the limit t — +oo
instead.

Now, from its definition, Z[J] is just

Z1J) = (O[T expli / J-6)[0) (317)

In this expression for Z[J], all annihilation operators sit to the left of all creation operators.
So it is at least possible that Z[J] with this source could be the generating functional of the
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S-matrix. More precisely, the coefficient of €, - - - el - -

in“out *
this source is the S-matrix element

<Out;f1 fn’glgma1n> (318)

Other terms in this expansion of the composite source are of no particular use; they just
correspond to creation/annihilation of multiple particles in the same scattering state. In
these expressions, the single-particle states f;, g; are defined by

€+ in the expansion of Z[J] with

i / d'p e
" V2E,(2m)¢
. dp
o V2E,(27)d

Consider our “in” source term:
/ dticl O, { / d' (0, — ¢;‘;;aocp)} (320)

The boundary term at ¢ — —oo is what we needed, but not so for the case for the boundary
term at t — +oco! The problem is that it contains a creation operator for a state localized in
the future. The saviour of our sanity here is that all final states are orthogonal to all initial
states, by the orthogonality of the “in” and “out” bases. So the wayward future creation
operator just ends up getting killed off and having no practical effect. (For more on the case
of partially forward scattering, see Banks and references.)

Our next step is to massage this source a bit, and for this we need three things. Firstly,
we use an [outer] partial time derivative on the Klein-Gordon scalar product. Secondly, we
make use of the Wronskian form. Thirdly, we use the fact that the ¢! obey the Klein-Gordon
equation. (Note: ®, which is not necessarily a fundamental Lagrangian field, typically does
not obey the KG equation.) Making use of these three steps yields, as the interested reader
should verify explicitly,

S )

T g, (p) (319)

j / o (V2 = m?)6i,® — D) — i / P2l (3 +m?) @ (321)

The story for each of the other “in”-sources is morally identical.

The story for the out-sources the computation is very similar, with only straightforward
changes like “in” — “out”, t - —o00 — t — +4o00.

The net result is the LSZ Reduction Formula:

<011t;f1"7;1{_71|91"'9m;in>
() [T enetio0 TLam e )
x (22, +m?) (32 +m?) x (O { (1) -+ () B(yr) -+ Blyn)} 0) (322)

Warning: you will often see ¢i,, pout replaced by plane waves. This creates some trivial
infinities in cross-sections. These are easily dealt with via regularization such as spacetime
discretization.
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Notice that the sole requirement on ®(z) is that it have finite amplitude to create single-
particle states. This can be verified by looking for a pole in the two-point function.

A very important property of the LSZ reduction formula is that it is symmetric between
in- and out-states — except that in-states have positive energy while out-states have nega-
tive energy. This remarkable fact suggests a symmetry of the physics known as crossing
symmetry. The part of this which is technically difficult to prove is analyticity.

It is handy to have the momentum-space version of the LSZ Reduction Formula as well:

(out; gy -~ gnlp1 - - - Pmsin)

(7)) Tz lyme

X (p? - m2) (q]2 - m2) Gn+m(_Q1; R e [ 2 R 7pn) (323>

where G, ., is the Fourier transform of the time-ordered product of n + m ® fields.

Nota Bene: For outgoing states, ¢; is the physical positive-energy relativistic momentum
but the Fourier Transform is evaluated at negative energy outgoing momenta {—g;}

As mentioned briefly above, translation invariance is something we need to watch in the
LSZ context. In particular, we will get a momentum-conserving 6° (>, pi—> ;4j)- Squaring
this on the way to finding the probability amplitude and thereby the scattering cross-section
will result in an overall 67(0) term, which should be interpreted as the spacetime volume.
This result eventuated because, in a translation-invariant system, we should really be after
the probability per unit volume. With wavepackets rather than plane waves, this problem
vanishes from the radar screen.

One of the most important things to note about the LSZ Reduction Formula is that all
momenta are on the mass shell. Therefore, the formula involves a product of a bunch of
zeroes! This is not a contradiction; the S-matrix element does physically vanish unless a
Green’s function has a single pole at the mass shell on each external leg. As we have seen
for free scalar field theory and will see in some detail for more interesting cases shortly, this
happens readily in interesting QF T's.

Earlier this week, we learned that the full Green’s functions evaluate as trees whose
vertices are the 1PI functions and whose external and internal lines are full propagators
Ws(p). As the next subsection shows, something called the Kéllen-Lehmann representation
for propagators shows that each Green’s function W5 does indeed have a simple pole, yielding
precisely the multiple-pole structure that is needed in order for the LSZ Reduction Formula
to predict a finite S-matrix.

5.9 Kallen-Lehmann spectral representation for interacting QFT's

Recall the completeness relation for one-particle states:

dp 1
L1 particle = /WQ_Epmm (324)

Let |Ag) be the eigenstate of the Hamiltonian with zero momentum:
P10} = 0| Xo) (325)
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Define
E

p(A) =/ [p* +m3 (326)

where m,, is the “mass” of the state |\z), i.e. E(|Ao)). Then the full Hilbert space complete-

ness relation is i
=101+ [ i (327)

We will now make use of this little beastie by inserting it in between operators at spacetime
points x,y in the two-point function, in order to learn about the energy distribution of
contributions to the propagator. We first do the analysis for the case 2° > y°; the analysis
is very similar for 2% < 1°.

First, notice that

(Qfo(2)[2)(Qe(y)182) = 0 (328)

by symmetry (or by Lorentz invariance for spin s > 0). Therefore,
(Plo()o)0) =3 [ s N o)) (329)

Note that nothing here requires the ¢ field to be elementary. This makes the Kéllen-Lehmann
representation a very useful one in a wide variety of QFT contexts, for example with com-
posite operators in QCD.

In order to massage our expression further, we need to recall how translation generators
act. For a translation by =,

Q@) = (2ePo(0)e 7|
(6O A 7o,
= {QAO) e,
(330)

by Lorentz invariance of the vacuum |2) and of ¢(0). Therefore,

—ip-(z—y)

QECLOITIIEDY [ i ORI 1)

Similarly for the other case 2% < y°. Putting them together we can summarize the informa-
tion via

o] d 2
QT @0} = [ Gool) 7o = yir) (332)
where the spectral density function is given by
pp?) =Y (2m)a(p* = m3) (26 (0)Ag)I’ (333)
A

Peskin and Schroeder have a very nice pictorial representation of what p(u?)) looks like in a
typical quantum field theory.
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The main features are:

e There is a delta-function peak at u? = m?, representing one-particle states.

e There are smaller peaks at m? < u? < (2m)?, representing boundstates.

e At (2m)? the spectral density rises (with discontinuous derivative), peaks a bit later
along the p? axis, and then falls off again at larger u?.

Note that while the one-particle state gives an isolated delta function contribution, the two-
particle spectrum is continuous. As you can see for yourself, this is a simple consequence of
energy-momentum conservation.

The analytic structure can be easier to visualize in momentum space.
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Since the relevant variable is momentum-squared here, we find that in the complex p?
plane

e There is an isolated single-particle pole at p? = m?2, which is on the real axis.

e Poles arise between m? < p* < (2m)?, corresponding to boundstates.

o At p? = (2m)? there is a branch cut singularity. As you will recall from your complex
analysis class, this is a weaker type of singularity than a pole. Physically, the threshold
at p> = (2m)? corresponds to creation of particle-antiparticle pairs. Below that, the
pairs would only be virtual and so there is no corresponding branch cut structure for
p? < (2m)%

The one-particle pole is isolated, at m?2.

The main physics lesson that can be drawn from this is that QFT is unequivocally and
inherently a multi-particle animal. Life in relativistic quantum field theories is definitely not
all about boring one-particle states!

None of the analysis here requires that the ¢ field be elementary, or that perturbation
theory be valid. This is what makes it so powerful and useful.
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6 Functional quantization for spin half

6.1 FPI quantization for fermions: Grassmann variables

Our development of functional quantization thus far has subtly depended upon thinking of
the fields as mathematical objects with bosonic statistics. The spin-statistics theorem says
that free spin-half fields, on the other hand, must obey the Pauli principle. So how are we
to incorporate fermionic behaviour into the formalism of path integrals?

It turns out to be surprisingly easy to solve this apparent conundrum. We introduce a new
concept called Grassmann variables, which anticommute. For any two such anticommuting

fellows 0,7 we have
{0,n} =0 (334)

In other words, 6n = —nf. Notice that a fermion bilinear is again a boson. Since the above
equation holds for any 6,7, it holds in particular when 6 = 7, i.e.

62 =0 (335)

This mathematizes the Pauli principle. It also makes Taylor expansions splendidly easy,
because each such Taylor series terminates after the linear piece:

f(0)=A+ Bo (336)
where A, B are constants.

An immediate question comes to mind after defining Grassmann variables: how do we
define integration? Differentiation? The most physically useful definition for integration,
also motivated by mathematics, has proven to be

[0 = o

/ a9 — 1 (337)

In cases where there are multiple 6%, such as would occur in models with extended super-
symmetry, we would have

/ d6°9; = 6%, (338)

How about the ordering of integration? We do have to be extremely careful about minus
signs for Grassmann variables, because they anticommute. Define

/d@/dnm-@z—i—l (339)

This definition amounts to a choice of sign convention, but it matters physically that we
make this same choice consistently.
How about complex Grassmann variables?

(6n)" =n"0" (340)
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This behaviour is easy to remember because it smells a lot like matrices. Also,
/d@*dﬁ@@* =+1 (341)

How about derivatives? How do we define the ordering of a Grassmann derivative, con-
sistent with the anticommutation property of Grassmann variables? We will pick the same
convention as Peskin & Schroeder: the one in which derivatives are defined as left deriva-

tives: p J
— (0n) = —— (nd) = —0 342
oo (om) =~ () (342)
Note that 9/0n is a Grassmann object itself, so must obey the usual anticommutation
property in addition to behaving like a derivative.

One of the most fun parts of using Grassmann fields for modelling relativistic fermion
fields is realizing how dead-simple Gaussians become. Because Taylor expansions truncate
so early owing to the anticommutation property of Grassmann fields, we have

exp (—0"b0) =1 — 600+ 0 (343)

Therefore,
/ do*dge""" = / do*df (1 —07b0) = b (344)
by the rules of Grassmann integration and the anticommuting property.

In doing Feynman path integrals to find correlation functions of physical fields, we needed
to insert fields into the integrand. So let us consider for instance

/ d6*df 6 6 e """
= /d&*d@@&* (1 —67b0)
_ / 46" d60 0" — 1 (345)
Compare this to the result we had obtained just above. Looking carefully, we notice that the
Gaussian integral with #0* in the integrand brings down an extra factor of (1/b) compared

to the case without. This echoes closely what happens for scalar fields, as you can check by
reminding yourself of how to perform bosonic Gaussian integrals.

There is a spin-half fermion analogue of the functional determinant formula we obtained
earlier for spin-zero bosons, so let us derive it. Consider the following quantity for an

invertible matrix B;;:

In the diagonal basis, B;; has eigenvalues {b;}. Therefore, the value of the above quantity is

11 / 6 de; exp <— Ze;biei> =[] b: = det (B) (347)
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I have written out the Einstein summation convention indices explicitly here, as the meaning
of the repeated indices could otherwise be read as ambiguous.
We can rewrite this formula as

H / d6;dh;e=0"B9 = [det (B)] ™ (348)

Notice that something remarkable has happened here: we have obtained a wvery similar
expression to what we found for the functional determinant involving scalar fields! The only
difference is that the determinant appears to the +1 power rather than —%.

As you should explicitly check, it is straightforward to show that with multiple 6, the

analogous expression is

(H/d@jd9i> 005 exp (=67 B;;6;) = [det(B)] ™ (B_l)u (349)

The main idea that goes into showing this is just the paragraph at the end of the previous
subsection.

Another interesting formula may be obtained by considering an N x N antisymmetric
matrix A and evaluating

1
/dn?7 eﬁAijnmj = 6a1~-az\1*’4a1az T AaN—lN = Pf[A] (35())

where Pf[A] is known as the Pfaffian of the antisymmetric matrix A. It is defined to be zero
if N is odd but, as we see here, is definitely nonzero for even N.

6.2 Generating functional with sources for Dirac fields

From earlier in our physics training, we are familiar with Dirac fields ¢ (x) satisfying

(i0—m)i =0 (351)

which follows from the Dirac action
5= [ @i @p-m)v] = [ @ | 55T~ mi] (352

where in the second expression we used an integration by parts to symmetrize the action in
VY.

In order to write down the fermionic Feynman path integral, we will need to make ¥ (x)
a Grassmann field:

() = Z Wi fi(z) (353)

where 9; are Grassmann number coefficients and {f;(x)} are a set of spinor-valued basis
functions of spacetime coordinates.

This expansion is fundamentally different than what you write down in canonical quan-
tization, where the field is expanded in terms of Fourier modes with operator coefficients
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obeying canonical anticommutation relations. Here, we have Grassmann number coefficients,
not operator coefficients.

The definition of correlation functions for spin—% fermions goes over in pretty direct
analogy to what you would expect based on experience with FPIs for scalar fields. There are
in particular no gauge freedom subtleties here, so we do not yet have to touch the concept
of Fadeev-Popov ghosts.

Let us consider the two-point function

)0 (x _ [ 2D (a1)(x2) exp [z’dexQE(i@— m) 1”
<0|T {ﬂ’( 1)1/)( 2)} |0> - f @&9¢ exp [Z»degm/j (z& _ m) 1/,} (354>

This can be evaluated using our formulae above, including (349). In Fourier space, the result
is:

OIT {(z1)ip(22) } 10y = Sp(xr — x2)

de Z'e—ik~(x1—x2)
= / @)D (F—m + ic) (355)

Suppose we are interested in doing rather more than just simple free field theory for our
fermionic spin-half fields. As we found for scalar fields, by far the simplest way to extract
the correlation functions is to use the method of the functional source. We therefore need
to ape the source concept for fermions.

Since any animal appearing in the action (a scalar under Poincaré group transforma-
tions) had better be bosonic in nature, we define a new fermionic generating functional with
fermionic sources for 1), 1) denoted 7, 1

Zinil = [ 700 exp { [ 2 {560 = m) v+ o+ i}
ie. Z[ij,n] = / Dp Do Sl gt [ 4P (i) (356)

What is the physical reason why we need sources for both 1/ and ¥? Does that not constitute
overcounting? No, it does not. In four dimensions, Dirac fermions have four off-shell and
two on-shell components. (In other dimensions, we get a different power of two, 2P/
halved on-shell.) Since we plan to be handling full off-shell physics at quantum loop level in
perturbation theory, we do not want to make any silly assumptions about fields appearing
in loops being on-shell. That is why we carry around the full n, 7 baggage: it is physically
essential.

As for scalar fields, note that this generating functional Z[f, ] is linear in the sources.
The mathematical bonus of this physically motivated definition is that we can easily go

about evaluating it just by completing the square! Check for yourself that the answer is:

2t = zoesp (= [ [ e yaa)sete i) (357)
where Z; is defined to be the generating functional evaluated at 7 = 0 and n = 0.

73



Using information from earlier in this section concerning Grassmann derivatives, we have,
mimicking the scalar case,

O {wanite} 0) = { 5 (=g ) (+isr— ) 2lnn}

Note the —i in the factor —id/d7(x1) which pulls down a 1(z;); that is necessary to keep
our definitions of Grassmann integrals and derivatives consistent. Likewise with the +i in
the factor +id/dn(xs) which pulls down a 1 (x5) from the exponential. Higher correlation
functions would of course also be obtained by iterating this concept.

(358)

7=0,n=0

6.3 Weyl and Majorana fields

Weyl fermions are chiral. They can be defined in any even dimensional spacetime, where it
is possible to define yp; in analogy to how we defined 75 in D = 4. (In odd dimensions, the
product of all v matrices ends up being proportional to the identity, by Schur’s Lemma.) We
will now restrict to D = 4 to save notational baggage. Nota bene: interested readers should
consult e.g. the relevant appendix in the Polchinski string theory texts for a great rendition
of how to analyze fermion representations in arbitrary spacetime dimension D. The oscillator
representation discussed there, built out of pairs of v matrices and their anticommutation
relations, provides a nice physical way to understand why the general fermion representations
have dimensionality 2[°/2/. Putting the restriction on the fermion that it be chiral reduces
the dimensionality to the Weyl one: 2[P/21—1,

Consider a left-handed Weyl field; this is a representation of Lorentz which transforms as
(3,0) under SU(2), x SU(2)g. It is notationally traditional to denote this field as v,. Right-
handed Weyl fields transform as (0,1) and have indices that are traditionally dotted: vg.
As you should check, the Levi-Civita symbol provides a Lorentz-invariant product: v,v,e®.
Because of this, we can raise and lower indices using e:

ey = v°
Eabe = Vg
ey = 0% (359)

This is specific to SU(2).

Suppose we want to tensor two Weyl representations together in an attempt to build a
Lorentz-invariant action involving derivatives. In that case, we would need a Clebsch-Gordan
coefficient to connect the two Weyl representations to the vector (%, %) representation. The
C-G roles are played by the following vectors which are defined in terms of Pauli ¢* matrices
as

{056} =1{L +5}ae

{aga} = {1, _5}5a (360)

This permits writing down the Weyl lagrangian:

Ly = Ei(y*)"’(w%aauya +hee. (361)
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The story for the right-handed Weyl fields is identical except with right-handed dotted
spinors traded for left-handed undotted spinors and o* traded for o*.

Note that the Weyl lagrangian is invariant under a phase shift of v. The corresponding
conserved quantity is, for free particles, helicity.

Weyl fields are massless. We discussed why when we talked about the Pauli-Lubanski
vector W#, quadratic Casimirs of Lorentz (' o, the Little Group of p* and helicity h. Here,

h=1.
Since the Dirac field is the direct sum (0,3) @ (3,0), it makes sense to define
0 ot
my =
= (o 7)) (362

Majorana fields are real. The ability to define Majorana spinors is, however, not present
in all spacetime dimensions. The mathematics behind how this works is known as the Clif-
ford algebra. All physically important properties in signature (s,t) spacetime in D = s + ¢
dimensions turn out to follow from the structure of (s —¢) mod 8. A mathematically oriented
discussion of this can be found in
http://www.maths.ed.ac.uk/~ jmf/Teaching/Lectures/Majorana.pdf. I also liked a lit-
tle textbook called “The Spinorial Chessboard” the summer before grad school.

There are different kinds of Majorana conditions. For definiteness, let us work in one
timelike and d spacelike dimensions. Then the Majorana condition requires (s — t) mod 8
= 6,7,0, while the symplectic Majorana condition requires (s—¢) mod 8 = 2, 3,4. Majorana-
Weyl spinors occur when both Weyl and Majorana spinors are defined, i.e. in D = s+t
such that (s —¢) mod 8 = 0. This includes the cases D = 1+ 1 and D = 1 + 9 relevant
to worldsheet and spacetime formulations of string theory. Similarly, symplectic Majorana-
Weyl spinors occur when both Weyl and Symplectic Majorana spinors are defined, i.e. when
(s —t) mod 8 = 4.

Table B.1. Dimensions in which various conditions are allowed for SO(d — 1,1)
spinors. A dash indicates that the condition cannot be imposed. For the Weyl repre-
sentation, it is indicated whether these are conjugate to themselves or to each other
(complex ). The final column lists the smallest representation in each dimension,
counting the number of real components. Except for the final column the properties
depend only on d mod 8.

d Majorana Weyl Majorana—Weyl min. rep.
2 yes self yes 1
3 yes - - 2
4 yes complex - 4
5 - - - 8
6 - self - 8
7 - - - 16
8 yes complex - 16
9 yes - - 16
10=2+48 yes self yes 16
11=3+8 yes - - 32
12=4+48 yes complex - 64
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7 Functional Quantization for Spin One

Only for massless spin one gauge fields is there a gauge invariance of the free action. The
massless case is therefore our focus, as ensuring the FPI is defined in the face of gauge
invariance is more technical than doing it for the massive case.

7.1 U(1) QED and gauge invariance

Our basic quantum field for the spin-one massless gauge field is A, (z). The field strength
F,, is not a fundamental Lagrangian field; it is A, alone which has that status. The field
strength, a derived quantity, is defined for U(1) by

Fo=0,A, - 0,A, (363)

which is gauge-invariant. The action for A, is

Suay = / dPx (—1F"™F,,) (364)

We can rearrange this action via an integration by parts, to make it easier to pick off the
Feynman propagator for the photon by eye:

Sua) = /dng (=1 F" Fw)
_ / AP [+ 1A, {7 P — 040"} A,] (365)

Since this is a teensy bit cumbersome in position space, we can rewrite it in momentum
space:
Sow = [ -EE L3 ) [k + k] A,k 366
v = [ G Auh) [+ B A (366)
Is this all we need to worry about? It turns out that the answer to this is an emphatic
no. The reason for our need to be careful is (da-daaal): gauge invariance.

Recall from your previous experience that the EM field has a special property: S[A,] is
invariant under gauge transformations leaving the field strength invariant:

Au(x) = Au(2) — Bala) (367)

where «a(z) is an arbitrary scalar function. If we had matter field(s) ¥ of charge ¢ coupled
to our U(1) gauge field, then they would be rotated under U(1) gauge transformations as
U — @)y,

The physical consequences of this gauge invariance are (at least!) twofold: (a) Green’s
functions become ill-defined, and (b) the FPI becomes ill-defined, because simply integrating
over all field configurations naively overcounts by an infinite amount! Let us now work to
see how this comes about. We will then end up this week’s discussion by showing how to
fix this overcounting and the gauge invariance in one fell swoop known as the Fadeev-Popov
Procedure.
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Let us look back to the form of the action we wrote above, (366]). Notice that if
A(k) = ck, a(k) (368)

then something catastrophic occurs: the operator [—n**k? + k*k*] annihilates it! Expressing
this another way, if we write the Green’s function equation as

(="K + kK] G\ (k) = i, (369)

then it is clear that the Green’s function as written has zero eigenvalues. The matrix
[—n*k* + k*k"] is singular. QOops!

7.2 Fadeev-Popov Procedure: Abelian case

Fadeev and Popov realized that it is possible to write down a well-defined Feynman Path
Integral for gauge fields, by using a clever mathematical trick which effectively “damps”
the out-of-control overcounting emanating from gauge invariance, giving rise to something
physically reasonable.

To begin the F-P story, we introduce a new animal known as the gauge fixing function
G(A). (Note that this G has nothing to do with the Green’s function; you will know this by
its index structure.) An example would be

G(A) =0,A4" in Lorentz gauge (370)

If we then insist on imposing G(A) = 0, this will restrict field configurations in the path in-
tegral over field space to take account of only those gauge fields obeying the gauge condition.
This will be expressed mathematically shortly via a 6(G(A)).

Consider the following reprentation of 1:

SG(AW@
1= /@a(m)d(G(A)) det ( Gga ) (371)
where
A() = Ay(2) — D) (372)
This formula is just the generalization of the familiar fact that §(az) = (1/a)d(x).
We now insert this unity factor into the gauge field FPI. In Lorenz gauge, it is
1= /@a(a:)é(GL(A))det (—82) (373)
In obtaining this expression, we used the fact that
det (207 A@ ) = det (—0 374
et (- 0" AR ) = det (~040,0) (374)

The fortunate accident for U(1) is that this expression is independent of the gauge field!
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Therefore, for our FPI we can write

2oy = / Do / 7 AeSM5(G(A)) det (%’;‘;a)))
= /@adet <5G—> /@AezSA](S(G(A)) (375)

Now let us look back to our gauge transformation (367)). Note that it is, in field terms, just
a shift of the gauge field A, (x). Accordingly,

PA=PA® (376)

Also, of course,

S[A®] = S[A] (377)

by gauge invariance. Therefore, in our FPI, we could just as well pick ALO‘) as our variable
of functional integration as A, itself! This enables us to write

Zuy = / PDadet (‘SG—) / DA SA §(G(A@))

= /9 det(éG )/%4 SAS (@) (378)

as A is just a dummy variable of integration in the FPI.

Now, our determinant in Lorenz gauge does not actually depend on «, so the factor
[ Qa becomes a multiplicative infinite constant out front. This will cancel in all physical
correlation functions. This decoupling is special to U(1); we will find that for all other
(non-Abelian) gauge theories the Fadeev-Popov ghosts do not decouple from the physical
scattering amplitudes. It is actually critical for gauge invariance that they be involved; they
do the job of “bookkeeping”.

The next step is a very important one. Peskin & Schroeder gloss over this point as if it
is obvious, which it is not. What they decide to do, in order to write down a well-defined
FPI for U(1) gauge theory, is to restrict to

G(A) = 9, A" — w(z) (379)

and insert a Gaussian convergence factor of

/ PDw exp (—i / de2—1€w2) (380)

into the FPI. The factor of —i out front here is required in D = d + 1, as can be seen by
starting from a familiar Gaussian damping factor in Euclidean space and Wick rotating to
Minkowski signature. We will return to giving a more complete understanding of the origin
this mysterious damping factor when we discuss Fadeev-Popov ghosts properly — once we
get to doing the case of non-Abelian gauge theories properly. For now, though, we will just
take the P&S version as a definition of the FPI for U(1) gauge theory:

=N {)/@wexp (—i/de%uﬂ) x det (—97) x
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Pa x / A §(9,AM(x) — w(x))

—~ { N(§) det (—07) / @a} / P Aexp <—2’ / d"x EFWFW + 2—15 (6MA“)2] )381)

where in the last step we evaluated the [ 2w integral using the J-function|al]. The constant
piece is physically unimportant as it cancels out of all physical correlation functions.

The upshot of this Fadeev-Popov convergence factor ‘trickery’ is that all correlation
functions get computed using not the original Maxwell action but the gauge-fixed action:

Stot = SMaxwell + ng (382)

where the total action includes a gauge-fixing term for A,(x). Interestingly, and satisfyingly,
this statement also holds true for all S-matrix elements. In Lorenz gauge, the gauge-fixing
term in the action is

Sr = / Pz [—% (GMA“)z} (383)

7.3 Gauge-Fixed Photon Action at Tree Level
Our action for the photon, in Lorenz gauge, becomes
Stot = S[A] + Sgt
= / dPx {+%Au(a¢) [ 0% — 9"0”] A, () — % (G“Au)Q}
1 dPk 1
— = — A M2 BRY _ ZLREY | A 4
2/(2#)17 M(k){ " k* + KMk fk k} y(k) (384)

Therefore, the equation satisfied by the Lorenz gauge Feynman propagator is

[—k;zn,w + Kk, (1 — %)] D (k) = i6,} (385)

This has the benefit of not being a singular beastie. The solution is

B —1
k2 4 de

D (k) kﬂku} (386)

(L

You should go through the algebra to check this equation, which is (I believe) typo-free. The
easiest way to show this is to (a) define the Feynman propagator for the U(1) gauge field A,

as »
~ —1

D (k) = k? + ie

G

12
and then (b) attack Zp with the operator (—k2n,, + k,k, (1 — 1/€)), hoping for +i6,}, and
then (c) go through the algebra to show that f(§) =1 —¢&.

(387)
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7.4 Functional quantization for Yang-Mills fields: quick version

For the case of U(1) of EM, we have seen last time the danger of trying to directly path-
integrate over all possible gauge field configurations: the FPI blows up because we overcount,
foolishly treating gauge-transformed fields differently to the originals. In order to render the
path integral sensible and tame any wild oscillatory phases, we found it necessary to insert
a convergence factor. This was natural, if a tad hand-waving! We write

7 = / DAL~ / 24,5 / 70\ (388)

i.e. {A,} is the class of all gauge potentials reachable from A, via a gauge transformation
parametrized by A(x).
Following Peskin and Schroeder, we insert a convergence factor to tame the FPI,

_L 2 % _i 2
/.@A—)/@Gexp( QaG ) —/@Adet(aA) exp( QQG) (389)

The resulting FPI is then

ZyM = /@AN/QA exp (Z/XYM + JrA, — %Cﬂ) det (g—i) (390)

Let us temporarily suppress the source term for the sake of notational clarity.
How are we to cope with the functional determinant? Let us write

oG
M=F (391)

as the matrix whose determinant we need for the FPI. Now look very hard at this expression.
It should eventually ring a bell.
Earlier, we derived from Grassmann integration the rule that

/ DT exp <z / ﬁMn) — [det(M)]*! (392)

This is the key: it means that we can now write the icky Jacobian as a functional
determinant for Grassmann ‘ghost’ fields 7, 7!

Putting these facts together, we obtain the full Feynman path integral for Yang-Mills
fields

1
Zyy =N - / DA, DnD7 exp {2/ (.,%YM — %G2 — ﬁMn)} (393)
In this expression, G is the gauge-fixing function. The term
L = —Mn (394)

is known as the ghost kinetic term, while the term

o 1 2 1 A
Ly =5 = 5 GG, (395)
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is known as the gauge fixing term. Both are needed in order that physical scattering ampli-
tudes are unitary at quantum loop level.

An extremely important feature of the Fadeev-Popov ghost fields is that ghosts are
scalars: they don’t transform under Poincaré transformations. Since ghosts are scalars and
are Grassmann fields, they do not obey the spin-statistics theorem. This is not a problem
physically — the Fadeev-Popov ghosts are bookkeeping devices which appear only
in #nternal quantum loops, never in external legs.

7.5 Fadeev-Popov ghosts for Yang-Mills fields

The equation
A ABY _
G*(A,)=0 (396)

defines the gauge choice. For a compact symmetry group ¢, it is possible to define a gauge-
invariant measure known as the Hurwitz measure, obeying

dg = d(g'g) (397)

where g, ¢ € 4. Physically, only the compact groups give rise to a sensible gauge-invariant
measure. We do not consider non-compact gauge groups at all in this course. Now recall
that under U transformations

0 _
A, — A =UAU — E(aU)U ! (398)
where
U = exp (—iAw?Ty) (399)
Infinitesimally,
U~1—iAwTy + O(Aw)? (400)

so that (dg) for g ~ 1 infinitesimally close to the identity has the form

(dg) = [ [ Aw” = di (401)

A = (A = A+ 08w + [ AT AwC (402)
Now consider the quantity A™'[A] defined by
A = [ gwsicn) = [ 2gocia) (103
where
D = H dw(x)

79 = []do(x) (404)
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Notice that A™! is gauge invariant

A4, = / T481C Ay

= [ 29)5(61A)
~ [ 26361,
_ AUA] (405)
Then
1= AlA] / 96 51GIA] (406)

This little chappie can be inserted at will into the FPI!
Suppressing the source term, as before, we obtain

Zow= [oa,050 = [ 94,818, [ 950061405 (107)

We next perform a gauge transformation to turn As into A,s and then relabel the dummy
variable of integration A, as A. After this finagle, which is just a simple consequence of
gauge invariance, there is nothing left in the integrand depending on w. Therefore, we can
factor out the multiplicative constant | Pw — it will do absolutely no violence to the physics
of our QFT if we pull it out front into the FPI normalization. This cannot affect correlation
functions, as we proved earlier in the course, and the same goes for S-matrix elements.
Therefore, we write

Tyy =N / P A,A[A]6][G[A,]]e" (408)

Our next step in this exposition is to actually evaluate A[A], starting from our definition
of A7'[A]. To figure this out, we recall the infinitesimal form of gauge transformations

oG4
YA = Al + == 6AD
G [A,] GA[A] + GAP d
= GYA] + aGA 550 PAT) Aw 409
so that
GA[AL] = GAJA] + 0G" (D, Aw)” (410)
v E)AB
Then, since the ¢ function enforces G4[A] = 0, we obtain
oG4
/@ 5[&43 ucA ] (411)
Now let us denote the coefficient of Aw in the argument of the delta function[al] by M:

oG4

WDMBC(SD(x_y) = M%(l‘7y)(5D($—y)
W
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(A, 2|M|C,y)
0G[A(z)]
§AwC(y)

and then
A*I[A] = (det ]\4)*1

(412)

(413)

We would also have expected this result just by eyeballing the coefficient of Aw in the

argument of the delta function[al] and generalizing from d(ax) = (1/a)d(x).

To prove this result, suppose that our gauge-fixing function G* has eigenvalues \* with

eigenfunctions fi. Then we have
Z<A e|M|B,y) f5(y) = Xfa(x)
ie. ZMab z,y)0"(x —y)fply) = Nfi(2)
50 XB:MAB (z,2)fp(x) = Xfi()

Next, we expand our infinitesimal parameters in terms of the eigenfunctions of M:

= Zwifé(y)

Then

Z Map(y, y)w Zw’/\lfA
so that

_ / 2w ] 6 [Z W'\l fj;(y)]
A 7
Uy = Zwi)\ifjl

Now abbreviate

then

/@UA B u ))H5(UA)
y W2,y " A

O(w,w? -++)
8(u17u27” ) y:()1
= <)\1)\2"')_1‘f2‘_
! _ / —1
c/V)\l)\Q.“—t/V(detM)

(414)

(415)

(416)

(417)

(418)

(419)

where in the last line we used the fact that any weightings by f(z) will, when integrated
(inside the FPI), just alter the overall field-independent normalization constant out front!

Therefore, up to a physically irrelevant constant,

A[A] = det (M)
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Suppose we chose for instance the Lorenz gauge
GA[A] = 9" Ay (421)
As we have seen already, the gauge condition G4 = 0 implies a 6[G[A]] in the FPI. Similarly,
if
AT AT — A pA
G [A] = 0" A, + B (x) (422)

where 4(z) is an arbitrary ordinary function, then the FPI integrand, as before, has a
d[G[A] — B]. However, since this §(z) is independent of the functional field A,, any integral
over 8 will just contribute an irrelevant normalization constant out front. Inserting for

instance )
o (~5 [ 70545 (423)
gives
1
We can now massage the A[A] by using our favourite Grassmann determinant trick:
A[A] = det(M) = /@n@n exp (—in* Mapn®) (425)

Finally, we attain

Zym(Lorentz) = W/@A“_@n_@ﬁ exp {z/ <.,§,”YM — %GQ — ﬁAMABnB)] (426)

Therefore, the full Lagrangian for Yang-Mills gauge fields coupled to matter — including
Fadeev-Popov ghosts — is

L =L+ Lon+ Ly + Lan (427)
where
L = DY — mibtp = b (%0 — ig A (To)'y ) wP — mibpys® (428)
with X
Lo = —7Tr (FY'F2) (429)
where F,, = 0,A, — 0,A, —ig[A,, A,]. Also,
Ly = —%GAGA (430)
and
oG4 c

_ B
Len = HA@D;L cn (431)

This is the full Lagrangian for quantum Yang-Mills. It’s all you need to compute everything
there is to know about YM gauge fields minimally coupled to matter.
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Figure 1: Propagator for Yang-Mills fields
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Figure 2: Propagator for matter fields

7.6 Lorenz gauge Feynman rules for Yang-Mills

Here, we have
G =o' A (432)

Also, recall that for A, in the Lie algebra for gauge group ¢, A transforms under gauge

transformations as
5A;‘ = fBCAAwa + 9w (433)

Then
6GAA] = fpc 0" (ADwC) 4+ Ow? (434)

so that our matrix in whose determinant we are interested is

5G4
Mg = 5= foc M AS — oA 0" + 64P0 (435)

Therefore, for the ghost piece of the FPI, we focus on

_ [ p _a0Gt g
7 InInexp | —i | d"x i —=n
owB
= [ onnenw (i [ @ {0 ~ g [0 45 - 0°aZ )] s
In other words, in Lorenz gauge, F-P ghosts have Lagrangian
L = naOn™ = g fpe™ [(1a0"0°) AS — (0 AF) (') (437)
Propagators and vertices are shown in the following Fig[THo|
- b
Ot - 1 8
O..-—--""_‘__'%? ("‘D) F-Ei

Figure 3: Propagator for ghost fields
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Figure 4: Yang-Mills cubic and quartic vertices
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Figure 5: ghost-YM cubic vertex

k
/is{ F':Ef{r*@&)u.b
v

b

Figure 6: matter-YM cubic vertex
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7.7 BRST invariance and unitarity

You may worry that we inserted the .Z,¢ piece of the Lagrangian rather arbitrarily. Let us
now discuss a more mathematically sophisticated approach known as the BRST method,
named for Becchi, Rouet, Stora, and Tyutin. As we will see, the form of the gauge-fixing
Lagrangian is set by the form of the ghost Lagrangian, whose definition is, in turn, clear
from the Fadeev-Popov procedure (its form is set by our friend the matrix M).

BRST noticed that if we choose the gauge transformation parameter Aw?(z) to be

Aw?(z) = = (x)e, (438)

where nt(x) and € are both Grassmann variables and ¢ is a constant, then the Yang-Mills
action is invariant — provided that the field n*(x) transforms with a particular form. The full
BRST transformation equations for matter, gauge, ghost, antighost and Lagrange multiplier
fields (U, A,,,n,7,1I) read:

Sprst¥(z) = —i(Tp)n"(z)e¥
prsT AL (x) = (Dy)ene
SprsT (z) = —%fﬁ‘gan(@??C(ﬁ)ﬁ
dprsr* (x) = I (x)e
5BRSTH<x) = 0 (439)

Using the Jacobi identity satisfied by the structure constants, it is possible (although
somewhat arduous algebraically) to show that the BRST transformation squares to zero:

5123RST =0 (440>

Since the BRST operator generating these BRST symmetry transformations is nilpotent,
any term added to the action which is the BRST-variation of something will automatically
be BRST-invariant. Formally, we can write this as

1)
Lo = La+ —5 E (441)

where = is known as the gauge fermion. Choosing in particular

1
= =qh (GA - §aHA) (442)
gives
o 0G4
Lo = Lo + G 4 ST — 77 22 (D) o (443)
w

Now, notice that I14(x) is an auziliary field: it does not propagate and so can be integrated
out. After the integration over II we obtain

L 0GA

1
Lot = Lym — %GAGA -1 OAB
1%

(D) en® (444)
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which is what we wanted to show. In other words, the form of the gauge-fixing Lagrangian
is intimately tied together with the form of the Fadeev-Popov ghost Lagrangian.

Let us switch for the remainder of this subsection to thinking in the canonical picture
of QFT in order to glean some important physical facts. As Peskin and Schroeder point
out, the structure of BRST transformations imply very nontrivial things about unitarity of
scattering amplitudes. These all originate from having a nilpotent operator () that commutes
with the Hamiltonian H: [H, Q] = 0. To see this, let 7 be the subspace of states |i1) which
are not annihilated by the BRST operator @), and let .7 be the subspace of states |¢) of
the form [i9) = Q) for some [¢) € F. Also let 74 be the subspace of states [t¢y)
satisfying Q|¢1) = 0 but that cannot be written as the @) of any state (the states which
are BRST-closed but not BRST-exact). Having these three subspaces of the space of states
70, 74, 75 follows directly from having a nilpotent operator which commutes with the
Hamiltonian. Incidentally, note that the subspace 773 is a rather weird subspace, as any two
states in it have zero inner product. This fact also follows directly from the nilpotency of Q.

Consider one-particle states. By inspecting the form of the BRST transformations, we
can see that in Lorenz gauge the BRST operator () converts the forward component of the
gauge field to the ghost field. By “forward” is meant polarization vectors e:[(k:) where

1 (K |k
+
€ k) = —\| =, :i:T 445
2 ﬂ(w |k|> e
These obey (€)% = 0 and €* - €T = 1, as well as being orthogonal to the transverse polar-
izations: € - ¢/ = 0. The transverse polarizations ¢ for i = 1,2 obey € - €]* = —0%. The

J
completeness relation is 7, = €7€,* + €, €/ — >, €l el in our mostly minus signature of

spacetime. () also converts the ;ntighost into a quanlgum of the II field which, through the
classical equation of motion all* = —G* and the form of G* in Lorenz gauge G4 = 8“Af},
must be a gauge boson which satisfies ke (k) # 0; these are the backwards-polarized gauge
bosons.

So overall, among 1-particle states, 7 contains forward-polarized gauge bosons and
antighosts, .74 contains ghosts and backward-polarized gauge bosons, while 773 contains
only the physical transverse gauge bosons. More generally, it can be shown that asymptotic
states containing ghosts, antighosts, or gauge bosons of unphysical polairzation always belong
to S or ¢, while asymptotic states in .7 contain only transversely polarized gauge bosons.

What does all this imply about unitarity? That is fairly straightforward to see. Let |A; L)
denote an external state containing no ghosts or antighosts and only physical (transverse)
polarizations of gauge bosons. We would like to show that the S-matrix for these guys is
unitary, i.e. that

D (A L|STC; 1)(C; L |S|B; L) = (A; L [1]B; 1) (446)
C

Recall that 77 is the space of states |1)y) such that Q[i) = 0 but which cannot be written as
Q|A) for any A (i.e., the states which are BRST-closed but not BRST-exact). Also, we know
that [@, H] = 0 so that any time-evolved state S|iy) is also killed by the BRST operator Q:
it takes the form

Q-S|4;L)=0 (447)
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This implies that S|A; L) must be linear combinations of states in 74 (physical ones) and
states in % (BRST-exact ones). But any two states in 7% have zero inner product with
one another, and also (12|t)g) = 0 (by definition of %). So the inner product of any two
states of that form must arise solely from the overlap of the components in 4. Therefore,

(A; L [STS|B; L) =Y (A; L |ST|C; L)(C; L |S|B; L) (448)
C

and so not only is the full S-matrix unitary but its restriction to the subspace .7 is also
unitary. This is the physical reason why Feynman diagrams producing pairs of gauge bosons
with unphysical polarizations must always be cancelled by diagrams producing ghosts. (c.f.
Cutkosky rules to be discussed during 1-loop renormalization of QED.) Neato!

BRST symmetry of the action (with Yang-Mills, gauge-fixing and Fadeev-Popov terms)
implies identities that are satisfied by the generating functional Z. These identities can
be used to derive identities for the connected generating functional W or for its Legendre-
transformed friend I'. The resulting identities are usually referred to as Ward Identities. For
the case of U(1) we will discuss the Ward identities soon, when we get to 1-loop QED. The
non-Abelian counterparts are known as the Slavnov-Taylor identities and we will not have
time to develop them in this course.
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8 Renormalization and Quartic Scalar Field Theory

8.1 Length Scales

Nonlinear equations govern the long-wavelength dynamics of fluids. This hydrodynamic
description works great at long wavelengths, but is obviously a very poor one on molecular
scales, where graininess matters immensely. At long distances, the fact of complex atomic
and molecular quantum dynamics going on at short distances is physically irrelevant: fluid
mechanics does just fine as a classical theory of fluids. We do not need to know about
quantum mechanics just to compute long-wavelength physics.

Therefore, it is important to match the effective field theory — the working Lagrangian
— to the typical length scale in the problem. For instance, we would presumably rather use
density functional theory than the Navier-Stokes equation for investigating the properties
of water on nanometre scales. Equally, it would be a total waste of time to start from
the equations of quantum string theory to describe the orbit of Jupiter around our Sun.
Newtonian physics was accurate enough to land a human on the Moon, after all!

Separation of scales, in which short-wavelength physics does not affect long-wavelength
physics, is known as universality. It turns out to be a much more general phenomenon,
forming a cornerstone of the modern Wilsonian approach to understanding ultraviolet prop-
erties of loop Feynman graphs in QFTs. It is rather involved to demonstrate universality
mathematically. The basic physics idea behind it is to parametrize the effect of all possible
UV modifications of the QFT at higher energy (and shorter distance) in terms of all possible
interactions between the effective low-energy degrees of freedom. For well-behaved renor-
malizable QFTs, this will result in quantum shifts of masses and couplings at loop level. For
non-renormalizable QFTs, trying to renormalize at one more loop order generates new terms
in the low-energy effective Lagrangian, ad infinitum, giving an infinite mess of infinities.

8.2 Cutoffs

As you calculated in HW2, loop Feynman graphs typically diverge. The physical reason
why loop integrals blow up is the assumption that loop momenta k may vary from 0 to oo.
Nobody yet knows exactly how spacetime works at short distance, especially at lengths below
the Planck scale where gravity becomes quantum mechanical. It is therefore preposterous
to claim that any given QFT will be valid all the way to k& = co. This is one of the main
reasons why physicists do not lose as much sleep as mathematicians in thinking about QFT
at loop level: we know that some other description of the physics must take over at very
short wavelengths.

We might more reasonably expect any given QFT to work up to some upper energy limit,
usually denoted as A, but not above that scale. We can think of A as an wltraviolet cutoff,
an energy scale beyond which detailed knowledge of short-wavelength physics is essential
to make physical predictions. At momenta much lower than the UV cutoff, the effective
Lagrangian encoding the physics of only the low-energy modes will be insensitive to the UV
physics — except through the parameters of that theory such as mass and coupling strength.
As we will see next week in some detail, if A is changed, then the only effect in the low-
energy effective Lagrangian is to alter the masses and couplings — a story which may include
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quantum generation of couplings that were absent in the classical theory. The low-energy
values of all masses and couplings, such as agy(0) ~ 1/137.036, must of course then match
onto experiment.

The physical process of making sense of mathematical infinities in loop Feynman graphs
is known as renormalization. Many different schemes are available for renormalization, and
they all depend explicitly on the details of how mathematical infinities are regulated. One
renormalization scheme involves latticizing space (or Euclidean spacetime), with a spacing
1/A. This lattice scheme is actually the only one known to be well-defined for gauge field
theories non-perturbatively. Perturbatively speaking, there are two useful Lorentz-invariant
schemes in common use today: Pauli-Villars, and (by far the most popular one) Dimensional
Regularization. We will use the latter. In this scheme, we will continue the dimension of
spacetime away from D = 4 and inspect infinities arising in the limit D — 4 — 0. This
is a formal manipulation only and should not be interpreted in terms of fractal dimension.
Indeed, mathematically, DR does not correspond to a positive measure. UV divergences will
show up as poles at discrete values of D.

Aspects of the discussion in the rest of this chapter and the next are taken from §9 of
the introductory QFT textbook by Lewis Ryder.

8.3 Focus: 1PI Diagrams in ¢*

Significantly earlier in this course, we learned that only connected Feynman graphs contribute
to correlation functions of interest: disconnected ones cancel out between the numerator and
denominator in our formula for correlation functions in path integral quantization. We
also learned that only 1PI diagrams are needed in order to construct connected Feynman
diagrams at loop level. For example, this depicts the four-point Legendre Trees formula:

xé@iMi{X

For propagator corrections there is an analogous separation into 1PI ‘nuggets’ that we
have not yet discussed. Consider all possible loop corrections to the Feynman propagator
in scalar ﬁeld theory with quartic potential. This structure for the connected two-point
function G is depicted here:-

L

. +%Q_ t ca [ﬂ.@.fﬁ{.@—lf%‘[ﬁﬂ-ﬁ-&.&&+e&+%t§-+ﬁ]+

Notice how several of the graphs are not 1PI. Indeed, as you should check explicitly, the
complete animal, known as the dressed propagator, can be written in terms of the 1PI proper
self-energy as follows:

,—O— = — + 0 t-OG + VBB ..

In this figure, the complete propagator is represented by the open-circle piece, while the
1PI contribution has the shaded interior. From this graphical expansion and basic knowledge
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of geometric series, we can see quickly that

PP —m?—X(p) 9

where 3(p) represents the proper self-energy. Accordingly, the physical mass of the ¢ field
will be
m2,.. =m> + X(p) (450)

phys
Note that if 3(p) blows up in the UV, we can compensate for this in matching to physical
parameters by allowing the bare mass in the Lagrangian to be infinite, in just such a way
as to cancel the infinity from the physical quantity. We will see how this works much more
explicitly soon.

8.4 Divergences in ¢* in D = 4

What kind of divergences do we face in attempting to understand loop level physics for
general QFTs? Let us begin this analysis with examples from ¢* at one loop. The 1-loop
1PI diagrams which renormalize mass and coupling are, respectively,

T v 13

,

O
9 11,

Let us estimate how these integrals will blow up in the UV. For the first diagram, we
have at one loop

,

B / dPq 1

— A asq—ooin D=4 (451)

where A is the (momentum) UV cutoff. In other words, the propagator correction is quadrat-
ically divergent in four spacetime dimensions.
How about the coupling correction, also at one loop? There, we have

N v 1 ) _/ , )
f : ;’\ N (@2 —m? +ie) (¢ — @1 — q2)? — m? + i€]

i [ 1‘1 — log( )asq—>oomD—4 (452)

In other words, the coupling correction at one loop is logarithmically divergent for ¢* theory
in D=4
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8.5 Divergences in General

We can be more systematic about this. Indeed, let us consider a general Feynman graph
for ¢* field theory with V vertices, F external lines, I internal lines and L loops. in D
dimensions, this gives the superficial degree of divergence & as

9 = DL —2I (453)

The first term is clearly just emanating from the integration measures for loop momenta. The
second part encodes the fact that the number of propagators involved in the loop integration
is driven by the number of internal lines.

For an L-loop diagram, with F external lines and [ internal ones, momentum conservation
is required at each of the V vertices. Overall momentum conservation and momentum
conservation at each vertex yields (V' — 1) relations amongst momenta. Therefore, the
number of independent momenta is

L=1-V+1 (454)
i.e. the number of loops. So
P2=(D-2)[+D(1-V) (455)

How does this relate to E? Well, every vertex can have either (i) an external leg connected
to one vertex, or (ii) an internal leg, which must by its nature be connected to a second
vertex as well as the first. Therefore,

KV = E+2I (456)

Eliminating L and [ in favour of D, E,V gives
D D —2)k

For quartic scalar field theory in 4D, k = 4, which gives ¥ = 4 — E. independent of V.
If instead we had ¢* field theory in 4D for k > 4, then 2 would grow with the number of
vertices V', meaning that we will sprout more and more divergent integrals as we go to higher
and higher loop order. These are known as non-renormalizable or irrelevant interactions. As
you can convince yourself by doing simple power counting in the effective Lagrangian for
the kinetic vs interaction terms, these non-renormalizable cases are also precisely the cases
for which the coupling of that interaction must have negative mass dimension. Conversely,
an interaction with positive mass dimension will have fewer divergent integrals as we go to
higher order in perturbation theory. These are known as super-renormalizable or relevant
interactions. Interactions with zero mass dimension are known as renormalizable or marginal.
In 3D, a ¢° becomes marginal while ¢* is relevant. In 2D, any ¢" coupling is relevant.

The structure of renormalization is quite different for irrelevant as compared to marginal
or relevant perturbations. For irrelevant ones, we will generate every interaction consistent
with the symmetries of the problem if we go to high enough order in perturbation theory.
So irrelevant interactions have no cutoff-independent physical meaning. By contrast, for
marginal or relevant perturbations, the subtraction process stops with a finite number of
operators in the effective Lagrangian.
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8.6 Weinberg’s Theorem

The superficial degree of divergence is not all there is to know about a Feynman diagram in
dimensional analysis. It also turns out to be necessary to consider the degree of divergence
of each possible subgraph, obtained by holding one of the loop momenta fixed.

We will state but not prove the following immensely powerful theorem:

A Feynman diagram converges if its degree of divergence Z, together with the
degree of divergence of all its subgraphs, is negative.

Basically, what this says is that if you encounter a subgraph in your graph at some loop
order (which will necessarily have fewer loops than the whole), then as long as you properly
renormalized that subgraph at lower order in perturbation theory then you are home and
hosed.

The difficulty in proving renormalizability of a QFT to all orders in perturbation theory
is the phenomenon of overlapping divergences. To illustrate this, consider the “setting sun”
diagram in D = 4 ¢* theory in the high-k limit where mass effects are subleading:

/ d*ky d4k:2
-@~ =) BRI — by — k)2

This diagram has overall degree of divergence ¥ = 8 — 6 = 2. However, if we hold k; fixed,
the integral over kg gives ¥ = 4 — 4 = 0 i.e. a logarithmic divergence. The same holds for
1 < 2. So it is impossible to separate out the divergences in k; from those in ks.

In gauge theories such as QED, gauge invariance prohibits overlapping divergences, which
is completely awesome.

(458)

8.7 Dimensional Regularization and the Propagator Correction

One of the sexiest things about Dimensional Regularization (DR) is that it is a renormal-
ization scheme which preserves Poincaré invariance and nonAbelian gauge invariance.

Since D will be continued away from D = 4, we have to be careful about counting mass
dimensions of interaction terms. We work out what the mass dimension of a field is by
insisting that its quadratic kinetic term in the effective Lagrangian remains unmolested,
pushing the dependence on any mass scale into the interaction. We have

_1 2_1 22_1 € 14
2y = 5(09)" — gm T (459)

where

e=4—D (460)

and p is a mass scale (theory parameter) and ¢ is dimensionless. Then

,

L 1
! ) _ 461
2 / (2m)P g% — m? + ie (461)
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Note that in the above, ¢ is the small parameter reminding us to use the Feynman
propagator, while ¢ is the amount we continue away from D = 4 in order to regularize our
infinite loop integrals. They are not at all related!

The process of evaluating loop integrals like the above, and more complex ones, can
be done by recruiting a few main conceptual steps. First, we use Feynman parameters (p
of them for p + 1 propagator denominators) to turn the denominator from a product of
propagators into a power of a single propagator-like denominator. Second, we get rid of any
linear terms in a quadratic denominator by shifting the loop momentum and completing the
square. Third, we Wick rotate to Euclidean signature to avoid getting confused about square
roots of timelike momenta. Fourth, we use spherical polar coordinates in momentum space
to actually perform the integrals. The upshot is a set of rules about momentum integrals
that you can find in Appendix A.4 in Peskin and Schroeder, starting on p.805. The main
one that we need here is

/ (qu 1 (-D)"iT(n—DJ2) 1 (462)

2m)P (¢ — A)"  (4m)P2 T(n)  An=DR2°

Gamma functions have poles at zero and negative integers. A useful math fact is

- |1
I'(—n+e¢) = ( n') {E +U1(n+1)+0(€)] , (463)
where ] ]
¢1(n+1):1+§+...+ﬁ—7, (464)
and ~ is the Euler-Mascheroni constant. Therefore,
D 2
r<1——):r(—1+5):———1+7+ﬁ(g). (465)
2 2 €
Finally, recall that for a € R and small
a®=14c¢cln(a) + O(e). (466)

Putting it all together, we obtain for the propagator renormalization
2 2 2
wgm=\ 1 igm 4
= - 1— 1 Oe). 467
_Q_» (1672)5+327r2[ %Ln(m? )}Jr (©) (467)

This is supposed to depend on pu.
What does this say about the &(g) 1-loop contribution to the proper self-energy 3(p)
introduced earlier? We have from our dimensional regularization adventure that

2

. gm ) 9
Y= L Gr2e + (finite) + O(g%), (468)
and therefore )
) =p?—m?(1- L2 ). 4
(p)=p"—m ( T=r (469)



8.8 Vertex Correction

h v 1
_ g_2 o dPq 1 1
f : f\ =20 / 2m)P (¢* — m? +ie) [(q — p)? — m? + ie] (470)

We could use a simple old standby partial fractions
1 1 1 1
- Z_Z 471
ab  (b—a) <a b) (471)
Even more useful is Feynman’s formula
1 ! dz
i 472
ab /0 [az + b(1 — 2)]? (472)

where a,b € C and z is known as the Feynman parameter. For our 1-loop vertex correction
graph, we use this to write

1 B /1 dz (473)
(@ =m)[(g—p)*—m? ~ Jo ¢ —m?—2gp(1 — 2) +p*(1 — 2)2]2
We now shift our loop momentum to get rid of the gp term:
¢ =q+p(l-z) (474)

Using this, our integrand denominator becomes a perfect square. Relabelling ¢’ := ¢ to save
on worldwide usage of ', we obtain

Lo o ld dPq 1
hy v b 27 / @m)P [ —m? + pPa(l — 2)2
1,5, 1 T@2- %) /1 2 91D/2—2
= =gl dz Dz 1—2)—m
ﬂ,_ 11 1 2 /_47TD F(2) 0 [ ( ) }
1 ig ! p?2(1 —z) —m? bjz=2
2e _ D
LT - ) /O dz [ = 1 (475)

-2
19° 5. (2
— (2 _~40
. 352H <8 v+ (6))><
\ 1 2 o 2
Kq’)t‘h x{1_§/ dzln[pz(l ) m]} (476)
2 /o A p?
-2 - 2
« _ el e
L 1 62! ¢ 3t

x {7 + /01 dz1In [p2z(1;rz)2 - mT } (477)
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The Mandelstam variables are

= (¢ +q)°
t = (@ +a)
u = (q+aq) (478)

The integrand in our above expression is

F(s,m, 1) = /01 dz1n { s2(1 2)2_ m* } (479)

AT

is a function only of (¢; + ¢2)? and m?, as well as the renormalization scale . Note that
the argument of the logarithm develops a branch cut when (¢; + ¢2)*> = 4m?. This is the
harbinger of on-shell pair production.

In order to find the full 1-loop vertex correction, we amputate the external legs,

T (pr,..,p) =GP (). .GP () ' GW(p1, ..., pa) (480)

and put the s-channel diagram we just computed together with the ¢-channel and u-channel
analogs. We obtain

. 3g ig*p®

4 _ €

P ) = —ign (1= 1o ) = |t (5 Flssmnap) + Fltmap) + Flum, )
(481)
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9 Callan-Symanzik equation and Wilsonian Renormal-
ization Group

9.1 Counterterms

Previously, we discovered that a 1-loop divergence in a Feynman graph for ¢* scalar field
theory appears in dimensional regularization as a 1/¢ pole as ¢ = (4 — D) — 0. The
physical antidote to this unpleasant mathematical fact is to add to the Lagrangian an equal
and opposite counterterm set to kill the pole in 1/e. These counterterms are denoted by
Feynman graphs with one fewer loop order and with a circled-x:

_®_

Why does this idea work? For our scalar QFT, let us write counterterms ag"|
1 m2 €
Ler = 075 (00)° = 6,756 = 6,50 (482)

Then note that we can write the full Lagrangian of our theory, known as the bare La-
grangian, as a sum

1 1 ;
Ly = L+ Lo = 5 (1+52) (09)° = 5m* (146,) * = (145,) 26", (483)
This can be put in a more familiar looking form
g
Lp =5 (008)" = 3mpoh — 1 0b (484)

by defining renormalized fields and couplings ¢, m, g in terms of the bare fields and
couplings ¢p, mpg, gg via

o8 =1\Zy0, Zs=(1+0z) (485)
_ o _ (1+6m)

mp = Zmm, Z. = 150,) (486)

g = Zegi©, Zg= 1+ 9,) (487)

(14 62)?

A QFT is said to be renormalizable if %t is composed of terms of the same type as were
originally present in the Lagrangian, and we see that very explicitly here.

Note: the Minimal Subtraction (MS) renormalization scheme is defined by keeping only
the pole terms in the relation between renormalized and bare fields and parameters. The MS
scheme is a modification of MS designed to get rid of a bunch of transcendental numbers,
allowing just enough of a finite part to get rid of the transcendentals.

195 is zero here only to one-loop. Note that our conventions for d,, and d, differ from those in P&S.
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9.2 Callan-Symanzik Equation

Recall that we had to introduce an energy scale y in order to take care of the engineering
dimensions of the coupling for our scalar field theory in D dimensions. Let us consider the
logarithmic derivative pd/0u of pertinent vertex functions. An unrenormalized vertex has
no dependence on renormalization scale p because it has no knowledge of the renormalization
procedure. Using this and the conventions above for wavefunction renormalization, we see
that the renormalized vertex obeys

9 n/2n(n) (. . _
uaM{Z T (pis g,m, ) } = 0. (488)

Therefore, the renormalized vertex obeys the equation

89 8 8m 8
— —1 N ™ (p;; = 4
It is traditional to define
0
Blg) = "o
0
v(g) = Ho, vV Zs
mYm(9) = ua%m (490)
from which it follows immediately that
g+ 810 5 = 1) + 0 0) 5 | T i g, ) = 0 (491)
g ’yg /Ymgam puga 7#’ -

This is known as the Callan-Symanzik equation and dictates how the renormalized vertex
runs with renormalization [energy| scale p. [(g) is known as the beta function of the
coupling “constant” ¢ while v are the anomalous dimensions.

We can write down an alternate equation expressing the invariance of I'™ under scale
transformations. Suppose that we scale by a factor ¢:

p—tp;, m—tm;, u—tu. (492)

Now, I'™ has mass dimension d, which in D = 4 — ¢ dimensions is

D n
d:D+n(l—§):(4—n)+s<§—1) (493)
Then we have
L (tpi; g,m, i) = t'T (pis g, £~ m, t7" 1) (494)
S0 o o 0
t—+m=—+p——d|TM™ =0 495
( ot * Tom * “au ) (495)
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Eliminating p0I'/Op using the Callan-Symanzik equation gives

0 0
—t=—+ B=— —ny(g9) + M (Ym(g) = 1) =— + d| T (tp; g, m, ) = 0 496
5 " Pag v(g) +m (Ym(g) = 1) 5 (tp; g, m, ) (496)
This equation gives the effect of scaling up momenta by a factor ¢. Notice how if the beta
function and anomalous dimensions happen to vanish then the equation simply encodes the
fact that I has canonical dimension d, as you would have expected from plain old ordinary
dimensional analysis. Therefore, we see that quantum corrections will change the scaling

dimensions of vertices in the quantum effective action. This is a very important aspect of
loop level physics in QFT.

9.3 Fixed Points

A fized point is a place at which the beta function vanishes, which may happen at a finite
value of the coupling. Here are a couple of scenarios (A and B) for how “RG flow” might
work in a QFT with coupling g.

(A ply) "

20 i€
R 3

Consider scenario (A) with a beta function as illustrated in the above figure. At g — g,
B(g) is negative which is the slope for running of g. So the coupling is driven back to go as u
increases. Similarly for ¢ — g5 . A fixed point like this is known as a UV-stable fixed point
and obeys g(yu = 00) = go.

dag']
( B) Te-shoble

BT

In scenario (B), by contrast, the beta function has opposite sign. So a fixed point at
nonzero coupling will be a stable fixed point in the direction of decreasing u, i.e., the IR.
This case obeys g(u = 0) = go.
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How does it work for ¢*?
Let us pretend that our 1-loop coupling renormalization is a good guide to the asymptotic
behaviour. Ignoring finite corrections, at lowest order nontrivial order we had

95 = (91°) <1+ il > (497)

1672¢e

Now, we know that the coupling gg in the bare Lagrangian does not depend on p. We can
use this to find the logarithmic derivative of g and then the beta function, which is its limit
as e — 0,

3g°
pu— 4
8o = L >0 (495)
At lowest nontrivial loop order (1-loop), this has solution
g0 (499)

97T = agon(/po)]

where gp is a constant and
3

T Ton
Notice that the quartic self-interaction coupling increases as the renormalization scale pu
increases. In other words, this theory is not asymptotically free. Vice versa, the beta
function says that the coupling must get driven to zero in the IR, making ¢* trivial.

Gauge field theories are qualitatively different. As we will see soon, they obey symmetry-
driven identities known as Ward (Abelian) or Slavnov-Taylor (non-Abelian) identities. These
ensure that the theory is renormalizable to all orders in perturbation theory, even in a Higgs
phase. Non-Abelian gauge theories are, as you will see in your final project, asymptotically
free.

(500)

9.4 Wilsonian RG and UV cutoffs

There is a more physically solid way to understand how changing the renormalization scale
results in (a) running of couplings, and (b) generation of all terms in the quantum action
allowed by symmetry whether they were present classically or not. This is the 1970s advance
of Kenneth Wilson and remains one of the gems in the modern quantum physics literature.
The description we outline here is taken from §12.1 of Peskin and Schroeder.

A simple prescription for avoiding loop divergences in QFTs would presumably be to
avoid integrating over the high momenta which give rise to those divergences. For instance,
we could nominate to integrate only over ¢(k) such that |k| < A and impose ¢(k) = 0 for
|k| > A. This naive prescription is fairly close to the mark, but we do have to be careful
when putting in a hard UV cutoff like this: we live in Minkowski spacetime, which does
not have a positive definite metric. The physically correct route is to use Euclidean space
plus Wick rotation as our guide to the correct way to apply the UV cutoff in Lorentzian
signature.

Let us now write the functional integral for quartic scalar field theory. For simplicity of
exposition we shall set J = 0. Then we define our Feynman path integral as

7 = /[@@]A exp (— /d% {%(0@)2 + Im*®* + %@ﬂ) (501)
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where

[20], = [] de(k) (502)

|k|<A

Divide ®(k) into two groups: high-momentum and low-momentum modes

high momentum : bA < |k| < A, b€ (0,1)

low momentum : |k| < bA (503)
Define B(k), A< k| < A
~ , S <
o(k) = { 0 otherwise (504)
Also define a new (k) K] < bA
, <
o(k) = { 0 otherwise (505)
So we have R
(k) = o(k) + o(k) (506)
Therefore
7z = /@qb/.@(%exp (— /dD:c {%(895—1—3(;5)2 + im? <¢+ 95)2 + %((b—i— ¢3)4}>
= /@¢exp (—/dD:E.,iﬂ[qb]) X
x | Dpexp (—/dDm [%(8&5)2 + %m2¢32+
13A 12A2 1A3 1A4
H{é(b O+ 10°0" + 20" + 510 }D (507)

Note: any pieces proportional to qb(ﬁ vanish, by orthogonality of distinct Fourier modes.

Notice what just happened! The UV-cut-off functional integral has factored. The first
factor, as you can see above, is completely independent of é

How would we perform the path integration over the qgs? We would like to end up with
an expression only in terms of the lower-momentum stuff, which we would then interpret as
our theory at the lower cutoff scale bA. We will mostly be interested in physical systems
with m? < A? so that we can treat m? and )\ as perturbations. The case of massless fields
is somewhat trickier, as IR singularities (expressing long-range behaviour) can afflict the
physics as well. For now, we take any masses to be finite but well below the UV cutoff scale.

At leading order, the portion of the Lagrangian involving b is

Pk
/ L= /bAWA (KGR (508)

Denoting Wick contractions by horizontal overbraces, we have for the two-point function
giving the propagator

_ [ 2¢e1%4(k)o(p) _ i<2ﬁ)D5(D)(;€ 4 p)O(k) (509)

—
¢(k)d(p) f @Qg oI % k2
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where we define ©(k) via
1, ALK <A
Ok) = { 0, otherwise (510)

Peskin and Schroeder denote this correction to the ¢ propagator by g@

Let us use what we just learned to help expand the exponential in the QAS Terms appear
like

AL, 1 [ dPk
—/dD931¢2 010 :—i/Wﬂz ¢(k’)¢(—k) (511)
where \ D1
=3 s R i

Notice that for D > 2 this blows up at large A as a power law. Using the definition of a
Gamma function and recalling the area formula for spheres in higher dimensions gives
AAP=2 (1 —bP72)
M2 =
(47r)D/2F(§) (D —2)

(513)

This would have been the kind of term we were expecting anyway, upon expansion of the
exponential in the Feynman path integration over high-energy modes. So s gives a positive
correction to the mass term in L(p).

What we have seen here is a great deal more general than the explicit example which we
just worked out. Indeed, integrating out higher-momentum modes shifts around the coupling
constants of the low-enerqgy effective action ZLog(¢)! In particular, changing the UV cutoff
makes couplings run and generates nonzero coefficients for all terms allowed by symmetry
in the low-energy effective action whether they were present classically or not. This is the
modern interpretation of renormalization a la Wilson. It is a hugely powerful idea, and forms
the basis for our modern understanding of theoretical high-energy physics and theoretical
condensed matter physics as well.

At O()\?) there are two possible contractions arising from path integration over gg modes:

(Q) « XXX
ali‘si:wcﬂe& \ wll odker coeff of 4Y

ob‘a%.rm
The second term contributes to alteration of the coupling constant. In the limit of small
external momenta, i.e. for |k!'| < A Vi, u, the second diagram is

-1 dPx ¢ ¢! (514)

=30 L () - oo
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In the limit that D — 4 this becomes

3\ 1

—femn(}) (516)

¢— 2

If we were to put external momenta back into the equation, rather than neglecting them
compared to the UV cutoff, we would generate additional terms of the form

1
-1 [ @anet ooy (517)
and higher powers in the Taylor expansion in external momenta.

The message is that integrating out the ngS produces (generates) all possible interactions of
fields ¢ and their derivatives consistent with symmetries of the QFT. Then

Zog[9] = 1(09)* + sm¢” + %qﬁ”‘ + (connected diagrams) (518)

There is more. We can figure out using the same kind of procedure how changing A
changes the couplings of the theory. This is known as the RG (renormalization group).
So far, we have seen that at energies well below the UV cutoff our theory is defined via

2= [ 196 exy (— / d%zeﬁ) (519)

Seft = /de{%(1+AZ)(3¢)2+%(m2+Am2)¢2+

where

1
- Z(A + AN)¢* + AC(0¢)* + Dg® + - - - } (520)
Let us now get rid of the annoying factors of b via a field redefinition. First, we write

1
K = Ek’ z' = bx (521)

Then we have that |k'| € [0,A). Further,

S = /dD ’biD {%(1 + AZ)(0'¢)* b* + %(mQ + Am?)¢*+
- }l(A + AN)¢* + AC(D'¢)* b* + D’ - - - } (522)
This permits us to define
¢ =\ P(1+AZ)o (523)

Then

Su= [ % {%(a’d)? g (m (@) + N (@) + @)+ D)+ } (524)

104



So our new parameters in our low-energy effective Lagrangian Z.¢ are:

(m')? = (m2—|—Am2);b_2

(14+AZ)
N) = A+ A/\)mlﬁ“
' = (C+ AC)@I;D
D' = (D+ AD)@RDG (525)

Let us summarize this extremely important idea:

Integrating out fur-
= ther high-momentum =
modes

FLOW in the space
of Lagrangians!!

Cranking down the
UV cutoff scale A

Note: the RG describing the flow of couplings at the quantum level is mathematically
a semigroup, not a group. The reason is that although two lowerings of A can be sensibly
composed, the transformations do not satisfy all of the group axioms. For this reason,
“renormalization group” is a misnomer, and I prefer to call it just the “RG”. For a more
in-depth discussion, see e.g. Section 9.4 of the text by Tom Banks.

How should we interpret a fixed point? This is simply a point in (multi-dimensional)
coupling space at which the RG transformations do not alter the coupling(s). For example,
in ¢* field theory, one (trivial) fixed point has

Lo =100, m*=0, A=0, C=0, D=0. (526)

It is generally useful to study the QFT in the vicinity of the fixed point, to see what kind of
flow occurs there. In the vicinity of %5, Peskin and Schroeder argue that it is valid to ignore
the Am?, A\ pieces coming from loop corrections and just focus on the lowest nontrivial
order in small quantities. Then

N =M1 " =cv’, D =Dy¥Pb etc (527)

How about power counting in this context?

e Any term in .Z.g that comes with a negative power of b will grow as b is reduced, i.e.
at low-energy. These are called relevant operators.

e Any term in Z,g that comes with no power of b remains unmolested. These are called
marginal[ly relevant] operators.

e Any term in Z,g that comes with a positive power of b will shrink at low-energy. These
are called (surprise!) irrelevant operators.

There exists in D < 4 a fixed point for quartic scalar QFT at nonzero A\ known as a
Wilson-Fisher fixed point. It exists only for D < 4 and does not apply in either D = 4 or
D > 4. This is intimately connected to the observation we made earlier that ¢* theory in
D =4 is trivial.
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10 One loop renormalization of QED

10.1 Power counting

By dimensional analysis, the superficial degree of divergence & of a Feynman graph for QED
must be

9 = DL — 2P, — E, (528)

where D is the spacetime dimension, L is the number of loops, P; is the number of internal
photon lines and Ej; is the number of internal electron lines. The relative factor of 2 between
photon and electron internal lines arises because photon propagators scale as 1/k? while
fermion propagators scale as 1/k.

The number of independent loop momenta for integration is

L = (# internal lines ) —n + 1 (529)

because momentum must be conserved at each vertex (—n) and also overall momentum must
be conserved as well (+1). Now, how many internal lines are there? Clearly, this number
must be the sum of the number of internal photon lines and the number of internal electron
lines, because there are no other quantum fields in the theory:

L=P+E —n+1 (530)

Next, let n be the number of vertices, P. be the number of external photon lines, and E,
be the number of external electron lines. Consider any given vertex in a loop diagram for
QED. Each vertex has exactly two electron legs and exactly one photon leg. If an electron
leg is external, it is counted once, or, if it is internal, it is counted twice. (This is a simple
consequence of the topology of Feynman diagrams. If you are in any doubt, draw an arbitrary
Feynman graph in this theory and count its internal and external legs.) Therefore

on = B, + E; (531)

For photons the analogue is
n=P,+ P, (532)

Eliminating internal loop quantities in favour of external ones gives

_@:D+<§—2>n—(?)&—(¥)ﬂ (533)

For any given theory to be renormalizable, we need for Z to be independent of n, oth-

erwise we would keep generating new counterterms at each order in perturbation theory.

When D = 4 we get for QED

3
9P —4—-ZF,— P, 534
QED 9 ( )

which is, happily, n-independent. However, in D < 4 QED is super-renormalizable and
strongly coupled in the IR. By contrast, in D > 4, QED (as well as generic gauge field
theory, in fact) is non-renormalizable and ill-behaved in the UV.
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Our next task in attempting to regularize UV infinities in QED and renormalize the
theory, we have to chase down where the divergences are. We will focus only on one-loop
renormalization in this course, which simplifies our task. If we sit down and write out all
possible Feynman diagrams that could be divergent in D = 4 QED, we will find a handful.
But QED possesses symmetries including CPT, and this ends up reducing the number of
possible one-loop divergences in the theory. The result of these symmetry considerations is
that there are only three primitively divergent diagrams at one loop:

W = < Tp(k)

X Q'-?' = 'l./\ﬁ;.(l‘i‘], ) \"t’?,)

For the photon energy a.k.a. vacuum polarization diagram,

_ o [ dPx u b v ¢
il (k) = (—ie) / e T =) U =)

This fellow has £, =0 and P, = 2 so Z = 2 i.e. it is superficially quadratically divergent.
For the electron self-energy, in Feynman gauge we have

(535)

dPx l — N,

—i20) = (=il [ G T (536)

This graph has P. =0 and £, = 2 so Z = 1. In other words, this one is superficially linearly
divergent.

Both the photon self-energy and the electron self-energy graphs will actually turn out to
be logarithmically divergent.

The vertex graph at one loop is

etk + )= () [ G e 90

For this guy, we have E, = 2 and P. = so 2 = 0. This superficial degree of divergence will
turn out to be the same as the actual degree of divergence: logarithmic.
Now we switch to the hunt for logarithmic divergences!
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10.2 Photon self-energy a.k.a. Vacuum Polarization

Consider the photon self-energy diagram, which is also known as the vacuum polarization.

5 = y ]T.’w (k)

rl.

We have, in dimensional regularization,

4D 2 dPl v 1 1
Huu(k’) = /(QW)DT |:7u(ll_m>7u({l_k_m)
— z’eQ/ﬁD/ dPl Tr [y, (l +m)y(l = §+m)]
(2P (2 — m)[(l— k7 — 7]

(538)

We introduce a Feynman parameter z to gather the two propagator denominators together
into one denominator factor, and define a shifted loop momentum [’ by

!'=1—kz. (539)
Then

2 4-D le, Tr [y (' + K2+ m)y (' — F(1 = 2) + m)]
I, (k) = ie“p / dz/ T —m? + k22l — o) (540)

Since numerator terms odd in !’ do not contribute by symmetry, and since the trace of
any gamma matrix is zero, the numerator becomes

N = {I"1 = KB 2(1 — 2)} Te (0 77) +m?Tr(y,7,) (541)

The Peskin and Schroeder appendices contain all dimensional regularization formulae that
we might need for one-loop renormalization of QED. The ones we will use the most in the
following are

Y. =mn, = D

VY% = 2=D)n
YAV A Y = AP 4 (D — 4)y"F
VY ANy = =297+ (4 = D)y Py’
Tr(y"y") = 4n*
Tr(y"7"*77) = 4" 0" — "0’ + n**n"7) (542)

The rationale behind these formulae is that gamma matrix traces not involving 75 are unal-
tered from their D = 4 versions — except for those traces involving nf} = D.

We will also find useful the following symmetry relations for tensor numerators in one-
loop integrals:

1
1" e
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1
HIV P l2 2 [, pV, po Up Vo no, Vp 4
—>—D(D+2)()[nn R AU (543)

Using the first of these identities, our numerator for the vacuum polarization becomes

NH = 4[lml/)\ - ]{3“]{)\2(1 - Z)](n,tmnv)\ = NNk + 771//177;0\) + 4m277W (544)

Therefore

N,
I M [M> = (U)? + K2 2(1 = 2)| + U1, + 11 — (kuky + kuk,)2(1 — 2)

4
= 200, =2 [kuky, — nuwk?] 2(1 = 2) = [(I')? = m? + K22(1 — 2)] (545)

Here we have added and subtracted a term for clarity’s sake. Using also the symmetry
identity [*I* — (1/D)n**I?, we see that the first and third terms cancel in the integral:

201
I, (k) = 4ie® 4D/ d/ LY
v (K) e § 2—m?+k?2(1—2))?

22 1 — z B nuu
[ZQ —m2+k22(1 —2)]2  [I2—m2+ k22(1 — 2)]! } (546)

Therefore,

I (k) = —8ie’u* D/ / .z Zpl__jn)z(f_ :2 (ffi)f (547)

We now use a formula from PS (A.44) for the kind of loop momentum integral we are
doing to compute the one-loop photon self—energy

/(le 1 (=1)% C(n—D/2) 1 (545)

2m)P (12— A)r ~ (4m)P/2 T(n)  An-D/2

In order to take the e = (4 — D) — 0 limit, it is useful to know another formula from PS
appendix (A.49):
1

D

Peskin and Schroeder also state a formula for a particular combination of factors which often
turns out to be relevant to interesting one-loop QFT calculations: (A.52). This little treasure
allows us to correctly get the 47 factor in the following:

lim = — —log A — v +log(4m) + O(e)

T(2-D/2) 1 1 ]2
Doa (4m)D/2 A2DI2 T (47)2 [ ] (550)

The other useful formula which we will use multiple times is PS equation (A.51) for how to
expand a Gamma function near its poles:

) = V" (

n!

1
— 1+--4+—+0 551
—— Lkt (x+n>) (551)

where v is the Euler-Mascharoni constant.
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Putting all these ingredients together, we obtain finally

2

1 2 2
D=4/py _ & _ N kz(1—2) —m '
1L, (k) = 52 (kuky, — nuwk®) {35 c /0 dzlog ( T + finite (552)

Note that this is proportional to the original tree-level photon propagator — we will use this
neat fact when we talk about charge renormalization.

One final remark about II,, (k). Notice that the maximum value of z(1 — z) on the
interval z € [0,1] is 1/4, at z = 1/2. Therefore, we can see that the log function will develop
a branch cut whenever k? > 4m?. Because the amount of energy needed to create a pair is
2m in units where ¢ = 1, development of a branch cut actually signals pair production. This
is a nice physical consistency check on our complicated mathematical formulee.

10.3 Electron self-energy

Consider the one loop correction to the electron propagator in QED

(/JWH’LIE_ = vZ (@

o g

It takes the form

if+m) . i m)
FEp— [—iX (k)] 22 (553)

where the amputated part of the vertex —iX¥y(k) is given by

dPi i(l +m) e

—iXy(k) = (—ie)Q/ (2m)D Ve (I — k)2 + ie]

(554)

As we did with the photon self-energy, our next step is to use the Feynman parameter
technique to collect the propagator denominators into one combined denominator so we can
do the integral. We use

1 1 1
= d
(@ —m? +ie)[(k — ) + ie] / ST ey s e e s R LD
Next, we complete the square and define a shifted loop momentum
I'=1-zk (556)

Using these two identities, and doing a Wick rotation to Euclidean loop momenta, we obtain

_ leE —2(2—c)f+ (4 —e)m]
el / / (2 + A —ic]? (557)

where we dropped the primes on the loop momentum, used symmetry to drop numerator
terms linear in /, and defined

A=—z(1-2)k+ (1 - 2)m>. (558)
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But in dimensional regularization we have

leE 1 B 1 F(Q . D/2)
/ (27T)D (l%. + A — ig)Q B (47T)D/2 A2-D/2) (559)

Also,
_T@-D/2 1 1 [2
})1311}4 ()07 AEDE - (in) [ —log A — v +log(4m) + O(e )] (560)

Putting the components together, we have

Yo(k) = (4 e)2D/2 ZQ_%Q { B 2_€)k}
e )
~ 16671'2 {__ ( ) Y+ O )} {(4m—k)+5<§_m)}
B 867; (4m — k) + finite (561)

Notice how factors involving 1/¢ and e cancel in the finite part of this expression. This is
one reason why we have been very careful to keep e-dependent pieces in the numerator!
Therefore, the electron self-energy at 1-loop modifies the electron’s inverse propagator to

() = Sp(p)t = SFQ(PV1 - %(p)
— (p—m)— 626(—75 + 4m) + finite

e? e ,
= p 1+87r25 —m 1+27r25 + finite (562)

10.4 QED Vertex Correction

First, a parenthetical note. There are actually other Feynman diagrams to worry about

in QED than the UV-divergent loop contributions from self-energies or vertex corrections.

For a long-range theory like electromagnetism there are also IR-divergent diagrams, which

essentially correspond to radiating soft photons off external leg lines. We do not discuss IR

divergences here, but encourage serious students of QFT to learn what a “Sudakov log” is.
For the vertex correction in QED we are concerned with this diagram:

%
X 1-1 = 1/\,4;“‘)1, ) “'t'?,)
k H‘L

Getting back to our UV-divergent one-loop vertex, we have

. L, [ dPl Yol +m) " [l —g+m)y”
Mulh gk o) = —ie* | @m)P [0 — k) +ie [ — m? + i [(1 — q)2 — m? +ie]

(563)
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Oh dear. We are slightly stuck here if we think in terms of techniques we used for the
two self-energy diagrams, because of the third denominator. So how do we collect three or
more denominators together? An extremely useful general formula, which can be derived by
induction as in PS p.190 (section 6.3), is:

1
AmlAm- T / dzl/ dzs - - / dz, 5(2 zi— 1) x
I

(ml—i—mg—l—---—l—mn)
22 szj]Zk me T(my)T(mg) - T'(m)

X

(564)

For the three-denominator case, we need

1 ! 5
(0= k) +ic [ —m? +id [(I — q)* —m2 +id /0 drdydz 6(z +y+2—1) 55 (565)

where
D =z[(l = k) +y[l? —m?] + 2[(l — ¢)* — m?*]| + (z + y + 2)ic (566)

By changing to a new dummy variable of loop integration

I'=(1-q) +yq—z(k—q) (567)

and using x + y + z = 1 it is possible — though boring — to show that the denominator
collapses to
D= (I')? — A +ie (568)

where
A= —zyg® + (1 — 2)*m? (569)

Notice that for physical scattering processes in Lorentzian signature ¢> < 0 so no branch
cuts ‘plague’ us here.
Then, dropping the primes on [’, we have

e dPl 2

Mtackk—y=iet [ao [y [ 4w o (0= g v~ -
(570)

The next step is to use symmetry to kill any terms odd in the loop momentum. We also

use the the dimensional regularization Dirac identities to cope with all the gamma matrices.
The part of the numerator quadratic in [ is divergent, and has the value
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1
AN(q. kk—q)= PR/t + finite (571)
The finite piece of this ends up contributing to the anomalous magnetic moment of the
electron, but we will not chase that fact up here.

(Note: the definition of I', we use is such that it has an implicit factor of e, from the tree

vertex, inside. That way the one-loop correction is proportional to 2, not e3.)
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10.5 Ward-Takahashi Identities in QED
We have learned so far that for connected graphs we use W/[J], defined by

Z[J] = exp (iW[J]) (572)

where Z[J] is the original generating functional. We also learned that for one particle
irreducible (1PI) graphs we focus on the quantum action, and for the case of the scalar I'[¢]
was given by

W(J] = T[g] + / 0P 2] (2)p(x) (573)

Consider now QED with its U(1) gauge symmetry. Without the gauge-fixing and ghost
terms, our Lagrangian was gauge invariant. Adding Zy + Z,, to the story tamed the
measure of the Feynman Path Integral but made it non-gauge-invariant!! So does Z have
some secret gauge invariance? Certainly, scattering amplitudes should not depend on the
gauge chosen. Therefore, we can conclude that Z must obey some relations. These will end
up being the Ward-Takahashi Identities.

We have

Z = n/@Auﬁqﬁggbexp (2/.5,”63) (574)

where our effective Lagrangian includes the mandatory source terms:

1 _ _ 1 _
Log = = F" Fy 07" (0 + i€ Ap) § — mipp — o~ (0"AL)? + J' A+ +4dn - (575)

Suppose that we do a(n infinitesimal) gauge transformation

A, — A+ 0
Y = —iedd

b = P +iely (576)

By construction, the first three terms are gauge invariant. The remaining pieces are the
prime suspects: the gauge-fixing Lagrangian, the ghost Lagrangian, and the source terms.
Under (finite) gauge transformations, the FPI integrand will pick up the factor

exp <z / dPz {—é(am#)a% — 0" J, —ie(ih — zzn)D (577)
For infinitesimal A(z), this expands as
{1 + i / dPx {—éaz(amu) — O J, —ie(ih — z/’m)] A(:v)} (578)

after some integrations by parts.
Invariance of the full Z under these transformations would require, infinitesimally,

{1 +i / dPz [—laQ(aﬂAM) — ", —ie(y — Iﬁn)} )\(:v)} 7 =27 (579)

«
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for arbitrary A(x). Therefore,

1 _
—aaQ(a-A)—a-J—ie(ﬁw—w) Z =0 (580)
Next, by the source dependence of Z[J, n, 7], we can substitute

106

(0 ion

- 16

10m

10

This gives a functional differential equation
) (5 K

29u_" QBT _ A Nl = 2

For physical Feynman graph applications it is typically more useful to use the connected
generating functional, so we substitute

Z[J,n, 1) = exp (iW[J,n, 7)) (583)
which gives for W
oW )% )%
Z 92O _Or T — - 4
885 o' J, ze( o7 77517) 0 (584)

The final step is to do our field Legendre transformation to get to the quantum action
I'. Our generating functional for vertex functions I'™ is defined by

LA, ¢, 0] = W[Jn,7] - /dDaf (J" Ay + 7% + ) (585)
and therefore
or ow
7S B ¥ 5 R
or _ ow
= —n(x =Y(x
e () e e
—— = —p(x = (z 586
= AR (5%6)
Accordingly, our overall demand of gauge invariance for the FPI gives the condition
1 or or - oI
— —9*0"A %) ' et)—— =0 587
T AR O s T T i) (587)

This is nice, but it doesn’t ring any bells physically! To beat this expression into some-
thing useful, we can try an old standard: [functionally| differentiating it. Specifically, we
will apply

_ (588)




and then set the sources to zero and see what eventuates. Note that because Zy¢ does not
depend on 1, 1, the first term will vanish. Our Ward-Takahashi Identity then takes the form

_ 0 iU H(x = +iedP(z -z —62F[0]
oo \ s 0} ”w(%ﬁ(yn
—ied” (x — yl)m (589)

The LHS of this expression is the derivative of the 1PI electron-positron-photon vertex,
while the RHS terms are the inverses of exact propagators!!

The physical content of our WTT equation is a lot easier to digest in momentum (Fourier)
space. So let us define

53T[0]

dPy | 4P APy, P -w1—py1—qx)

/ / / ne 00 (1) (1) 0 A ()

= ie(2m)P6" (0" —p — QT u(p, 7', ) (590)

Let us also define the exact propagator — as distinct from the bare one — by

D D i(p'-x1—py1 [0] 7TDD I i /1 \—1
[ a1 [Py i = 2R =) x (S ()

Now, multiply our position-space WTI by e!?"#1-P%1-¢%) and integrate w.r.t. 1,y;,x. The
resulting WTT is

¢'Tulp, ' =p+4¢,9) = (Sp) " (p+q) — (Sp) ' (p) (592)

This momentum space WTT is the most useful version of it. Diagrammatically, we have

derived
V A 1
J —O— - —O0—
\o+1 p+ cI, ‘» P

1

b P9

If we take the zero-momentum limit of the momentum space WTI, we obtain

0

a—pu(Sﬁm)*l(p) =T,u(p,p,0) (593)

which is known as the Ward Identity.

Ward-Takahashi identities are ezact — in other words, true to all orders in perturbation
theory. So at any given order in aqrp there will be nontrivial relationships between exact
propagators and vertex functions!

To see what sort of story eventuates, we can imagine all possible connected, 1PI loop
Feynman graphs built from bare propagators and vertices. Diagrammatically,
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ZE T T

On the other hand, for the exact propagator for the electron-positron field:

—O— = -\—_)_J:.\:i-),@(%)
P P

Lastly, let us work out some of the details of the lowest-order WTI. We have the bare
fermion propagator

SV = —— (594)

so its inverse is (Sg)))’l(p) = p — m. The momentum derivative is, at leading order,

S| =1, (505)

LO

The question is: what sits on the other side of the WTI from this term?
We need to find the third derivative of I' w.r.t. 1,1, A,. Using the definitions of Z, W, T’

and the knowledge that at lowest nontrivial order the inverse propagators are I'®s gives

PRI Gl e VGl
(5&@1)51#(%)514“(:6) o _/duldvl {ZSF (u1 1) *S;Z([Ol] Zh)} X
X {—z'D;S (u =) 5SS s T (UJ (596)

Our next step is to use the form of Z,;. For QED we have the interaction Lagrangian

Lo = PV YA, (597)
and so 5 5 5
Z _ n _ . D —1 by —1 —1
(n, 7, J*] = AN exp <ze/d Zén(z)v 57(2) 5 (2) Zy (598)

where 7, is the free version
Zy = exp (—i / d”zdPyi(x)Sp(x — y)n@)) X exp (% / dPzdPyJ" () Dy (x — y)J”((@9>>

Therefore, to lowest nontrivial order in agrp, we have

53 Z[0]
on(u1)on(vi)dAr

@ = ie / dP2Sp(uy — 2)Sp(vy — 2) Dy, (u — 2)7” (600)
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Substituting in to our general form of the WTT of QED gives its lowest-order approximation:

Fu(p,p +4q, Q)|Lo = Tu (601>

which is independent of the photon momentum ¢*. Note that this does not generalize to
higher loops. We see that the WTTI is more than adequately satisfied at lowest order in QED.
(For this we did not even need to use the form of D,,.)

10.6 Photon masslessness and Charge Renormalization

Previously, we learned about propagator corrections arising from one-loop contributions.
We saw that the massive scalar field of A\¢* theory suffered a mass shift at one loop. Here,
in the QED context, we will see that the photon actually stays massless - to all orders in
perturbation theory. This is a direct consequence of the Ward Identity which, as we just saw,
is itself a consequence of U(1) gauge invariance.

Consider the exact photon propagator. This is physically relevant to any process involving
photons. At one loop, we had

\Aka

12 z 1M
VANQMV | : 9

I«

) = (-iep ) [ e
5 =
(2m)P (k—m) " [(f+4—m]
where the factor of (—1) comes from the fermion loop.
For the general physical process we need the exact, 1PI propagator contributions

9 —
Y

(602)

)
\"4

T (9

W\

Kk

The Ward Identity says that
q 11" =0 (603)

Now, the only tensor structures buildable out of 1, and ¢ are 1,, and ¢,q,/¢*. Requiring
orthogonality between ¢ and II implies that

" (q) = [¢*n" — ¢"¢"] I(q) (604)

Peskin and Schroeder argue (p.245) in some detail that I1(¢?) should be regular at g = 0.
Essentially, this follows from the structure of 1PI diagrams, which cannot have massless
intermediate states appearing in them.

Pick Lorentz-Feynman gauge. The exact photon two-point function is then composed of
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?”'—2,\,@\,\,;) = A~ -\*m@w—{—,{. .

e . 1 . 1 . - o ‘ 1
a1 (q) = i 5+ (—mup?) [i(®n”” = ¢"¢")L(¢?)] (—mw?) +...
. ]- . ]- p 2 . 1 PACTT2( 2
- _”7/11/? + _Znup?AuH(q ) + _Znﬂp?AUAVH (@) +--. (605)
where A is defined as y
q"qu
Al =6 — 7 (606)

As you should check, this tensor A is a projector. Therefore,

ety = (s ) (18- 5+ )+ (g ) (00 I 1) ]

q q
i 19,9"
_ _?(AW) [1+11(¢%) + I*(¢°) +...] — ;‘4
_ _iAuu . iquqy
¢(1-1(¢%)  ¢* ,
_ —Muw + qudy . ZQqu

P -1()] ¢ -(¢»)] ¢
— —Myuv 1q,qy L )
¢ - 1(q?)] + q4.[1 _PIF((Q;))] {1-[1-1(¢")]}
_ — M 1q9,9,11\q

¢l —1(g*)]  ¢*[1 —T1(¢?)] (607)

Now, in any S-matrix computation, at least one end of our exact photon propagator will
connect to a fermion line. Therefore, summing over all places along the line where it could
connect, we must find that terms proportional to g,q, vanish by the Ward Identiy. So we
will abbreviate the above expression for the exact photon propagator — valid for S-matrix
elements only! — as

- _ — N
' rfﬁ«@“ﬂv = FI-T() (608)

Look closely at this form of the propagator. Notice that no mass shift appears: there
is no loop-generated correction to the tree level result. This masslessness of the photon is
a direct consequence of the structure of QED including the Ward Identity, as we have just
seen.

The only pole in the exact photon propagator is at ¢*> = 0. The residue of this pole at
¢ =0is

1

SO (609)
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Any low-¢? scattering process gets this shift. For example,

A ted
W \/vo‘;aﬁo.‘rv‘ e‘lﬁ%‘.’ W pvop. zs‘i%g!

At this @(a) level of approximation, then, a scattering amplitude at nonzero ¢* would

involve _ ) _
— i ( g > T « (610)
¢ \1-1(¢) ¢* 1 —[My(g?) = 5(0)]
Therefore, at (), we may identify

oy €y/(dm) a
e (q”) = 1—1(q?) ~ 1— [Hy(q?) — I5(0)]

(611)

Peskin and Schroeder explain later in their textbook that, in the above form, this expression
is true to all orders (!) when IIy is replaced by the full TI.

We now look back a few subsections to see what we actually found for the one-loop
photon propagator correction a.k.a. the vacuum polarization. We had

d1L7(¢%) = (0™ — ¢"q")illa(¢?) (612)

where .
—2
() = == [ doal1 o) |

™ Jo

—log A — log(4 613
G—g lsA-t og(4m) (613)
The divergent part of this is z-independent, so the Feynman integral for the first term above
collapses to 1/6. Accordingly, at &'(«),

—2«

1L(0) = 37(4— D)

(614)

which blows up as D — 4. This is not a worry physically, because this infinite quantity is
not actually observed. What is physically measurable is

T (¢?) = Ta(g?) — IIo(0) = —2?"‘ [ dwa(1 2 log <m2 — le — :)s)qQ) (615)

which is totally independent of (4 — D) as D — 4.
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10.7 The Optical Theorem and Cutkosky Rules

Whenever the photon propagator is in the t— or u— channel, this will be manifestly real
and analytic. However, for an s—channel process ¢? will be positive and the logarithm can
develop a branch cut. This occurs when

m? — 2(1 —2)¢* < 0 (616)
In other words, the branch cut begins where ¢> = 4m?, when we are at threshold for produc-
tion of an electron-positron pair. R
It is interesting to calculate the imaginary part of II, for ¢*> > 4m?. Recall that, for real
X,
I (log(—X +ie)) =+ (617)

while
S (log(—X —ie)) = —7 (618)

so that going once around the complex X plane results in a change in the imaginary part
by 27. This is one of the signature [mathematical] properties of the logarithm function in
terms of complex analysis. In other words, the ie prescription matters.

Using this property of logs in the complex plane, let us write down the imaginary part
of the Feynman graph

7 (1) = 1(0) |y, = o) [ a1 — ) (619)

™

where z. are the solutions to the zero discriminant equation for ¢? > 4m?. Clearly,

1 1 Am?
o= +58 where §i=y/1- qﬂQ (620)
Then
+8/2
I (Iy(¢* £ ie) — ,(0)) = 4[204/ dy(= — )
g2 4
a 4m?2 2m?

—Foq1-— (1+ 5 621
T3 q? ( - q2> (621)

where y = z — 1/2 and ¢ > 4m?. The amazing thing, as Peskin and Schroeder point out in
Ch7.5, is that this is precisely the cross section for production of an electron-positron pair!
More on this shortly, but first let us pull out how this physics of I1(¢?) — IT1(0) might change
what we mean by the EM interaction strength.

Notice that in a nonrelativistic limit |¢?| < m? so that

oa [ 7
_ 2 ¢’ 4
o (30m2 +ol >> (622)
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so that in the low-¢? limit
5 a
a(q?) = =5 + 6(d") (623)

We can extract the position-space potential from this via Fourier Transform:

V(E = / Ta_ gz —
(2m)° g1 — Iy (—|q?)
«Q 402

r  15m?2

53 (Z) (624)

Clearly, this correction to the Coulomb potential is important only at short distances. For
the H atom, the only wavefunction which has support this far in is the s-wave: [ = 0.
Accordingly, its energy shift coming from 1-loop QED physics is

4o 4o
AE = | & 7)) (- §(%) | = — 2 2
[ ettt (- oot (@) =~ egll0) (625)
This is one piece of the famous Lamb Shift.
We can actually do better on approximating the effect of the 1-loop QED correction.
Consider the integral
i€2 +00 Q ez’Qr .
V(E@) = ——2 ] d 1+ Th(q?)] 626
@ = o2 | d0g [1+ 1) (626)

where we defined |g] := @ and inserted a fictitious mass p for the photon to regulate the
IR divergence lurking within. What features does our integrand have in the complex plane?
Well, it has a branch cut up the imaginary axis starting at 2¢m, and it has a pole at ipu.
The physical interpretation of these is that the Coulomb potential arises from the pole while
QED 1-loop corrections to the Coulomb potential arise from the branch cut.

To evaluate the integral, we push the contour upward. Since the real part of the integrand
is the same on both sides of the cut, the only contribution to the integral must come from
the imaginary part of IL,. Defining ¢ = —1(Q), we have

—62 +oo e~ R ) .
5V(T) = W2/_OO ” j(HQ(Q —ZE))
a2 [T e g Am? 2m?
- 22 dgs—S - (1 627
M/zmqq?) q2(+q2) (627)

At long distances, i.e. when r > 1/m, this integral is dominated by the region ¢ ~ 2m.
Approximating the integrand in this region and substituting ¢t = ¢ — 2m we find

a2 [ e tt2mry [43
) = ——— dt——— | —= + Ot 2
V(r) r7r/0 2m 3 mQ+ ( ) (6 8)
and so o
V() = 20 (620)



so that the 1-loop corrected potential is

V(r) :—% <1+%%+...) (630)

Note that the range of the correction term is limited: it leaks out to the electron Compton
wavelength 1/m. On this scale (about a picometre), H atom wavefunctions are approx-
imately constant, amd so the delta function approximation was actually a pretty decent
approximation. The radiative correction piece above is known as the Uehling potential.

As suggested earlier in the classroom discussion of the running of aqrp, the radiative
correction can be interpreted as being due to screening. At distances r > 1/m virtual e-
e+ pairs make the vacuum a dielectric in which the apparent charge (what we measure) is
less than the true charge. At smaller distances we begin to penetrate the cloud of virtual
dipoles and see more of the bare charge. Unsurprisingly, this phemenon is known as Vacuum
Polarization.

Now let us return to thinking about real and imaginary parts. We found that for ¢* > 4m?
the vacuum polarization picked up an imaginary part, which was related physically to the
cross section for production of an e- e+ pair.

More generally, the imaginary part of a forward scattering amplitude arises from a sum
of contributions from all possible intermediate states. This is known as the Optical Theorem.

ol J80) - 2 e )ERC)

Where does the Optical Theorem come from? Unitarity of the S-matrix. Let us now see
how this arises. Consider our friend the S-matrix S and its friend the transfer matrix 7"

STS =1 where S=1+iT (631)

Then we have
— (T —TN =T'T (632)

Next, we imagine sandwiching this equation between physical two-particle states |p;, p2) and
|k1, ko). On the RHS we also imagine inserting a complete set of intermediate states, as well.
Then the unitarity equation for the transfer matrix becomes

—1 [%(k’lkg — p1p2) - %* (]91272 — klkZ)]
= Z (H 6257;1@3 2115 ) M (prp2 — {qi}) A (kiky — {qi}) %

X (2m) 6% (ky + k2 — ) i) (633)

where we have factored off an overall momentum conserving delta function.
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Our assumption here was that initial and final states are two-particle asymptotic states.
They could just as well have been one- or multi-particle states. Schematically, then, unitarity
of the S-matrix implies that

il a— ) — b a) =S / AT, (b — Tyt (@ — T) (634)

For the case of two-particle states, and for the case of forward scattering where p; = k; gives
j(%(lﬁk‘g — /ﬁk)g) = 2ECMpCMO-t0t<k1k2 — anything) (635)

where we made use of PS(4.79) for Lorentz-invariant phase space measure.

For Feynman Diagrams, the apperance of an imaginary part always requires a branch
cut singularity in the complex (momentum) plane. We saw this quite explicitly at one loop
by recognizing the signature property of logarithms in the complex plane. The rules beyond
one loop are more complicated than our one-loop example. The awesome thing is that J.
Cutkosky proved it generally, and his relations go by the name of Cutkosky Rules (1960).

e Cut through the Feynman diagram in all possible ways such that the cut propagators
can be simultaneously put on-shell.

e For each cut, replace each propagator like 1/(p* — m? + ie) by 2mid(p?> — m?), then do
loop integrals.

e Sum the contributions of all possible cuts.

Using these cutting rules, the Optical Theorem can be proven to all orders in perturbation
theory.

10.8 Counterterms and the QED beta function

So... how do we actually renormalize QED? So far we have seen how to regularize it, using
the techniques of dimensional regularization. But what are the systematics of counterterms
for QED? Let us start our exposition here with a reminder of the three primitively divergent
Feynman graphs of QED:
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YX(p) = —— (—p+4m) + finite
Au(p:p'sq) = g5 + finite
2
(k) = == (kuk, = n,k?) + finite (636)

Notice that these divergent parts satisfy the Ward Identity - as they must, by gauge invari-
ance.
Consider first the one-loop corrected photon propagator. This involved

e? 1

)
M) = by =) {2 - ]

672
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4y
1—2a)l
+3/0 drz(l —x) Og(—m2+k2x(1—x))+ﬁ<€)}
L C (ks — k) 4 2 4 £ (637)
G2 T e T Tom2 T

Therefore, combining the 1-loop and tree pieces gives for the photon propagator

: 2 2
. —iNu e’ M 1 k ey
D = L U ey o Y
" K2 6n? k2 {( PRI oz )| e T
2 2 1.2 2
Nmy € (& k e kukﬁy
= ——=11 — | - 638
e < * 672 * 6072 m2) 6m2e k* * (638)

Notice that this corrected propagator is not in Feynman gauge. The reason is the term
proportional to k,k,. However, as we saw earlier, this does not affect physical quantities
which are gauge-invariant, because of the Ward Identity. The details of renormalization do
depend sensitively on both the gauge and the renormalization scheme.

The infinite 1/e pieces must be removed by adding counterterms to the original La-
grangian. For QED, in the gauge sector we had in Feynman gauge

1 v 1 2 1 2 v

32 = _ZFH F‘LW — 5(8 . A) = 514“(77“1,8 )A (639)
So the counterterm we need at one loop is

E
ALLT = —%FWFW - 5(8 - A)? (640)

Note that C' and E will be different, because of our observation above that the one-loop
corrected propagator is not in Feynman gauge even though the tree level propagator was.
So our bare Lagrangian becomes

(1+ E)

1+C
L= Z ) prp,, - (0, AM)? (641)
We can rewrite this as
1+C
Lrp = _% F*"F,, + gauge terms
Z.
= _fFWFW + gauge terms (642)
where
o2
g =1— o (643)

In this way, we obtain a finite 1-loop propagator for our friendly photon. Most importantly,
its mass is still exactly zero. Yay!
From earlier in this section on 1-loop QED, we had for the propagator

_Z/r][J,V

)

+ gauge terms
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_i%y
N t
k21— gnice (K?) + €2/ (67%€)] + gauge terms

22377;111
= - t 644
T[T — Mg (F2) + gauge terms (644)

where we used our earlier definition Z3 = 1/[1 —II(0)]. From the definition of a propagator,
we know it is the vacuum-to-vacuum transition amplitude involving a time-ordered product
of two field operators. Using this intuition, we see that the counterterm Lagrangian therefore
motivates the definition of the bare gauge field as

Al = \/Z3A, (645)

It follows immediately that the renormalized propagator is

e _“7 v
iD',, = e Hﬁ:ite(k2)] + gauge terms (646)

Now let us turn to the electron self-energy.
We found earlier in this section that the electron self-energy at 1-loop modifies the elec-
tron’s inverse propagator. Our tree+1-loop expression is

M) = Splp)™" = Sup) ™ = X(p)
= (p—m) = gz (—p+ 4m) + finite

e? e? ,
= pl1+ ) m 1+ 53 + finite (647)

Because the coefficients of p and m are not equal, a single counterterm will not suffice
to kill the UV infinities. We will need one counterterm for the overall magnitude of the
propagator, contributing to electron wavefunction renormalization, and a separate one for
the electron mass. So we add

LN = iBYPY — Ay (648)
giving the total — bare — Lagrangian for the electron sector alone
Lip = i(1+ B)ypgy — (m+ A (649)

So our counterterms are:
Note that, as you can easily check, adding the interaction iBp modifies a propagator

from i/p to i/[(1 + B)p]. Hence
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g 28(—}5 + 4m) + A — Bp = finite (650)
™
as long as we set
2 7:2
A=— d B=-— 651
om2e O 8m2e (651)
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The coefficient in front of the canonically normalized electron kinetic energy is

e2

Zo=1+B=1- (652)

8m2e
This enables us to define the ‘bare’ wave function by
Vg =\ 22 (653)

in terms of which we can write the bare electron Lagrangian:

L — Wb — mppip (654)

where the bare mass is defined by

mB:zmeﬁn:(L—e2)m(L%62>:n%}—3¥):wn+&n (655)

2m2e e 8m2e

at one loop order. Our philosophy here is that v is the physical electron field, while ¢ g is
the bare electron field which appears in the Lagrangian from which vertices for calculation
are taken.

Accordingly, our renormalized inverse electron propagator at one loop becomes

@) = (p—m) — [S(p) + A — Bp] = p — m + finite (656)

We turn, finally, to the vertex function and its divergent part A,. We had previously

that
2

e .
A,u(p7 q7p/ =p+ q) = %’Yﬂ + finite (657)

The effect of this singular piece can be eliminated by adding a counterterm to the Lagrangian
of the form

ALY = —Dep*PI ) gy (658)
where
e 659
D= —
8m2e (659)

The Bare Lagrangian for the QED vertex at tree+1-loop is therefore

Zyp = —(1+ D)ep? Ay = —Zyep™ > Ay, (660)
with
e? 661
7 =1—
! 8m2e (661)

We have now completed the business of regularizing and renormalizing QED to one-loop.
Our total bare Lagrangian at this one-loop order is

_ _ _ 1
Ly = iz Mw—(m+A)@Z)1/)—Zle;fﬂA“@/)%@/J—Zgz((‘?MAu—ayAu)Q—kgauge terms (662)
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with ) ) )
e e e

Z1=Jy=1-— Z3=1-— A=-m

! ? 8m2e ’ 6m2e 2m2e

This Lagrangian gives — to one loop order in perturbation theory — finite self-energies and
vertex, where e and m stand for physical quantities which are experimentally measurable in

the lab. The bare charge is

(663)

Z _
en =iy ﬁ = ep?2,"? (664)
2

The total bare Lagrangian is, counting all sectors,

- _ _ 1
Ly = ippds — mpvpts — epAvenas — 7 (0uApy = 0, Ap ) (665)

From our relationships between bare and renormalized quantities, we obtained

2

ep = eyl (1 T ) (666)

1272¢e

In the limit ¢ — 0, the bare charge ep is independent of p, but the physical charge e does
depend on p as we now show. Differentiating the above equation w.r.t. p gives, to one loop
order in QED perturbation theory,

Oe e’

€
= = 667
Pop = 21 12 (667)
Letting ¢ — 0 then gives
5 = 2 = (668)
W= Fon =~ 1272

So, like A\¢* scalar field theory, QED has a positive beta function. This differential equation
for the QED coupling e(u) at one-loop order has the solution

2 _ 62(#0)
W) = T2 ) /(67 Tog i/ o) (669)

From this we can see very explicitly the increase of e with p. If we stare hard at the formula,
we can also see that it possesses a sickness known as the Landau pole: the physical coupling

blows up at @ = p. when
( br” ) (670)
« = Mo eXp | ——
He TP @)

This is ameliorated by higher loop corrections, but QED is still a sick theory in the sense
that it becomes strongly coupled in the UV. This indicates that it must be embedded in a
larger theory. Nonabelian gauge theories, by contrast, have negative beta functions, which
is something you will discover for yourselves in your Final Project.
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11 An introduction to chiral anomalies

One of the central tenets of functional quantization is keeping symmetries of the theory
manifest in the Lagrangian of the theory and all physics calculated therefrom. Sometimes,
however, there can be a hiccup that arises on doing loop-level calculations in any given QFT.
This hiccup takes the form of quantum breaking of symmetries of the classical action. The
resulting pain in the arse is known as an anomaly.

There are many ways to see how the Adler-Bell-Jackiw anomaly arises. One derivation
focuses on the behaviour of the measure in the fermionic Feynman Path Integral. Since
this fits best with our functional quantization exposition this semester, we will reveal the
anomaly using the FPI.

11.1 Anomalies in Path Integral Quantization

First we do a ‘quick-and-dirty’ attempt to get the right answer. It will turn out that this
result is incorrect and will need to be refined.

A prototypical example is the axial current. Consider a species of fermion ¢ with Feyn-
man Path Integral

7= / DY D) exp [z / dz (ww)} (671)
Suppose that we perform a chiral rotation, changing variables to

Y(x) — P(x) = (1 +ia(r)ys) ()

() = Y(2) =) (1 + a(z)ys) (672)

Now, a global chiral rotation — one with constant o — is a symmetry of the tree-level La-
grangian. Therefore, the only new terms generated in .Z by doing the above chiral transfor-
mation are proportional to da(z). Specifically,

/dA‘xw’(iO)wl = /d49€ [ViDy — 0,0 (x) iy ys1)]
_ / diz [il + a(2)0, (P 750)] (673)

where the last line above follows using integration by parts. Finally, varying the Lagrangian
w.r.t. a(z), we obtain the chiral current conservation equation

D,5"° =0 (674)

So is this really true? Is chiral symmetry preserved at loop level for an arbitrary QFT?
Oops. We made one huge assumption in our method above:

DYDY = DD (675)

Unfortunately, it turns out that we have been entirely too cavalier here. We just assumed
that there was no Jacobian involved. We should now take a couple of steps back and take
time to calculate how the fermionic measure actually transforms.
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K.Fujikawa in 1979 showed what goes wrong quantum mechanically with assuming chiral
current conservation. Following his analysis (and the exposition in Peskin and Schroeder!),
we now switch our close focus to the behaviour of the fermion measure in the FPI.

To do a proper job of defining the FPI measure, let us expand our fermion field ¥ (z) in
a basis of eigenstates ¢,, of the operator I). In particular, let us define L and R eigenvectors
via

(ZD)¢m = )‘mquA

~

When the background A, gauge field is zero, these eigenstates are just the regular Diract
wavefunctions of definite momentum — animals with which you are intimately familiar as a
result of QFT1. The eigenvalues A, obey

X2, = K = (R — [EP (677)

But for a fized background gauge field, this is also (!) the asymptotic form of the eigen-
values for large k. For anyone interested in deeper level of detail, Tom Banks’ textbook
“Modern Quantum Field Theory” section 8.8 contains a more detailed analysis than we
attempt here. From now on this asymptotic form of the eigenvalues will be the driver.

We write in this basis

(@) = ) ambm()
(@) = ) ambm() (678)
where a,,, a,, are anticommuting coeffficients and ¢,,, ngSm are c-number (commuting) wave-

functions.
Then our functional measure over v, v is

9020 = | [ damdinm (679)

Suppose that we perform a chiral rotation on our fermion field. How does the measure
of the transformed fermion field compare to the original? We have

() = {1 +ia(z)ys} ¥ () (680)

The expansion coefficients of ¢ and 1" are related by an infinitesimal transformation (1+C'),
as follows:

a, = Z/d‘lx(ﬁn(l—I—z’a($)75)¢m(x)an

= Y (bmn + Conn) (681)

n

The above tells us that our Jacobian of the chiral transformation is J = (1 + C).
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Now comes the really crucial bit. Recall that, by properties of Grassmann integration
for anticommuting fields,

DY DY) = %.%%Z (682)

Note that J? being in the denmominator is not a typo: it really is there, by properties of
Grassmann integration.
The Jacobian is

J = det(1+C)=-exp(Trlog(l+C))
= exp ZC’nn—f—ﬁ(Ca)) (683)

and we can ignore higher order terms as C' is infinitesimal. So
log J =i / d*za(r) Y n(r)y56n(7) (684)

It might seem at first glance that this is tr(y5) = 0. But this turns out be an illusion:
we have to be careful to regularize the sum over eigenstates in a gauge-invariant way rather
than just operating by the seat of the pants.

As with any loop-level Feynman diagram, we can perform any one of a number of reg-
ularization methods. Here we make the ‘natural choice’ (PS) and put in a Gaussian style

regulator:
/\2
Zqﬁ* Jysn(@) = lim ZqﬁT )V50n () exp (ﬁ;) (685)

Note: because we work in a mostly-minus signature, the above choice of sign in the Gaussian
factor is indeed correct:

K = (k) — |k[? (686)
and upon Wick rotation the above Gaussian damping factor becomes
exp (—(Ag)2 /M) (687)

as expected.
In operator form, our expression becomes

(i)?

lim > ¢ (x )%exp( )%(5’7)

M—o00 M?
. (i)
—  Jim (a|Tr [% exp ( D) 1 (65%)
where the trace indicated is over Dirac fermion indices.
Our next step is to evaluate (i[})*. We know that
@) = —()*=—"Dn"D,
= —"9"D,D, (689)
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Now, we can always expand a two-index tensor in terms of its symmetric and antisymmetric
parts:

Py =) 4 Alky] (690)
The first term on the RHS is just the Minkowski metric, by the fundamental anticommutation
relations for gamma-matrices. Defining

4 1 v
=50 (691)
we have
VA =g+ (692)
Therefore, we have for the square of the Dirac operator
@D)* = — 0" ++")D.D,
= —-D*+ —"D,D, (693)

Clearly, the term "D, D, can be nonzero only if [D,, D,] # 0. We know from our
earlier discussion of non-Abelian gauge field theories that, acting on fermions,

[Dy, D] = —igF, (694)

(You can check this explicitly by using D, = 9, —igA,.) Therefore

i = 0t (S8

_ > Y BB
= —-D°+ 5’7“ F MVt
9w
- - L, (©95)
As indicated previously, as we take our regulator M — oo, we can focus our attention on

the asymptotic part of the spectrum. We approximate k as large, and expand in powers of
the gauge field A,. But what kind of term would arise? Properties of y-matrices in D = 4
tell us that we will get a result tracing 5 against e(*” )*/M? if we have four v-matrices beside
the 5. This intuition allows us to anticipate the result to be a term of order (iy : F)?, and
other terms will be subdominant to it. We find

lim (z] Tr {exp [—D? - %’mﬂ”)m] } 2

M—00
= lim Tr 71[ J (" F, )]2 (z|e /M| z) (696)
Moo | P20 L2002 o
Now,
d*k k2
—9%2 /M2 o . .
e ) = tim [ L e ik o= ) e 173

[ (-
= 1 @) exp (=75
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M4

= i167r2 (697)
Therefore, we have
. 1—292 4 w V. A o 1 ?
A}@w{gsz b [%” T ) ferbe
= WEWUFM,,FM (698)
In other words,
2
J = exp {—z’/d%a(m)#sw’\aﬂwﬂ\a} (699)

Look carefully at what just happened! After our change of variables according to a chiral
rotation

(V. 0) = (¢ ¢) (700)
our Feynman Path Integral picked up a factor

2
7 = /@w_@zz exp <i/d4:c {1/7(21?)1# + a(z) {@j‘ﬁ + #E“VA”FWF,\U] }) (701)
Since this has to be true for arbitrary a(z), the loop-modified equation for nonconservation

of j# is
2

O™ = =255 T E g (702)

For Yang-Mills theories rather than QED, we would add a trace in front of the epsilon
pseudotensor.

What physics message should we draw from this? Well, since the chiral current is not con-
served in a background gauge field, the number of fermions minus the number of antifermions
will not be conserved.

Note: this derivation we just completed generalizes readily to any even dimension of
spacetime. The functional derivation always picks out the term in the expansion of exp (iy** F),,)
that has the same dimension, D, as the divergence of the anomalous current. The general
expression is

2€D/2

aﬂju5 = <_1)D/2+1 (D/2)1(47T)D/2 E#WQMMD/QFMM T FHD—l#D (703)

11.2 Triangle anomaly: the Feynman Diagram approach

Consider our friend the Standard Model. Recall our Pauli sigma matrix conventions

10"} = {l,+d}
("} = {1,-5} (704)

Also, our covariant derivative acting on any given fermion representation r is

D, =19, — igA}t? (705)

133



where the generators t, depend on the fermion representation.
Suppose that we keep right-handed chiral fermions free and minimally couple the left-
handed chiral fermions to the gauge field A,. Then the Lagrangian becomes

&L = iy* [116“ — igAlts (%)] Y (706)

This Lagrangian is invariant under gauge transformations on left-handed fields only:

b - {IL +iattA (—]1 _75)} "

2
1
A - A4 P fAPCADQC (707)
which are just the usual Yang-Mills transformation laws. The corresponding Noether current
is
_ 1—
=i (R ) et (708)
The projector
1—
P == s (709)

is involved in the Noether current because only left-handed fields contribute to it: they are
the only fields that “feel” the gauge symmetry. The right-handers are gauge singlets in this
model.

We are now in a position to ask the question: how can we see non-conservation of the
chiral Noether current in the context of Feynman diagrams at loop level in perturbation
theory? Consider 0, 44 in momentum space this will be proportional to iq, 44, Therefore,
the Feynman diagrams that are relevant will involve an insertion of j*4 into a one-loop
diagram. In turn, these Feynman diagrams must involve fermions running around the loop,
and by the structure of ) — 1) — A vertices, they involve two external gauge boson legs.
Diagrammatically:

From our Path Integral discussion of anomalies, we can anticipate that only the 5 part
of the chiral Noether current will contribute.
In terms of matrix elements,

/ dre™ % (p, v ko, N7 (@)[0) = (20)0@ (p+ k — q)es () (k) A" (p, k) (710)
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where .#"* gets contributions from

Let us evaluate the first diagram. Since the anomaly equation involves the divergence of
the chiral Noether current, in momentum space this means contracting up the above with

1qu:
ot = ()ie? [ = B he 0]

The second diagram just has (p,v) <> (k, \).
Now

o' = s
K+p+ U =Dlvs
d+D)vs +s( —K) (712)

So ig, dotted into the diagram with the insertion of j** is

ar l 1 1 1
Qi@ = [ 5™ s = Wt st sl = ) s 0
e (2m)P =% ) U+
Notice that one propagator factor cancels part of the numerator in each of the two terms.
Next, we assume that in dimensional regularization it is fine to gaily anticommute 5
through other 4, which yields

0= o™ [ty i

where we have also made use of cyclicity of the trace in both terms. Notice that we can
relabel [ — [+ k in the first loop integral. It follows immediately that our result for the first
diagram contributing to (); is manifestly antisymmetric under interchange of the labels on
the two external gauge boson legs. But the sum of the Feynman graphs must be symmetric
under the very same interchange. Therefore, the sum of the two Feynman graphs is zero and
the chiral anomaly is apparently nowhere to be seen!

So what did we do wrong? Our fatal assumption was regarding the anticommutation
behaviour of 5. In truth, when we continue away from four dimensions of spacetime, there

] (713)
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are surprises in store, arising from the fact that v is an intrinsically four-dimensional animal.
To get at the correct answer, we need to recall that the loop momentum over which we
integrate lives in D dimensions of spacetime, not four, so that we can write

I=1+1L (715)

where [| lives in four dimensions and [, lives in D — 4 dimensions. As a consequence, we
have the extremely important revision of the familiar behaviour of ~s:

{7”775} =0
[y = 0 (716)

In other words, 75 only anticommutes with the four-dimensional set of v, and commutes
with the rest (because it has no reason to anticommute!).
Therefore, we have

oY = s

K+ D)

k% - 75]5

K+ s + s — P)

= (K+Dvs —Uys +vs( —p) —wlL

= (K+Dvs+vs( —p) — 214 (717)

Therefore, the only non-cancelling part of the sum of the two Feynman graphs is

i@+ @) = @ [ G| = ] o)

Our next few steps are clear, given our past experience with one-loop diagrams.

Use Feynman parameters (three of them) to combine the three denominators.

Shift [ — [ + P where P = xk — yp.

In expanding the numerator, retain one factor each of v*,7*, p, ¥ to get a nonzero trace
against .

Focus on what is left over: one factor of If and one of / = (Jjj+ {f). Note that I/
commutes with other gamma matrices in the four-dimensional part. Therefore, our

final result is of the form D] m
| apmear (719)

where

i (D-4)TI(2-D/2) N —i
(4m)P/2 2 T(3)A2-DP/2 3272
as D — 4. Notice that we did not need to know details about A because the (D — 4)

factor in the numerator cancelled the logarithmic divergence from the A-dependent
part.

(720)
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e Use the symmetry relationship

R A (D_4) 2
(U =1 = =1 (721)

which is valid under the shifted-/ loop integral.

So, after the dust settles, we are left with

| i ,
igu(Q1) = €555 Tr [295(= k) (H)"]
2
€ o 14
= g ks

(722)

This term is already symmetric in (p,v) <> (k, \), and so addition of ig, Q% just doubles the
final result. Finally, we have

2

. € o v - * N *
(p, vk, 0" (0)]0) = e (—ipa)e(p) (—iks)€x (k)
2
e
— W@,y;k,A\eaV”FwFBA(O)]m (723)

This is nothing other than the ABJ anomaly equation in disguise:

2
. e
05" (x) = —Weaméﬁ’agﬁ’w(x) (724)
If we were doing Yang-Mills gauge theory we would simply put a trace before the field
strength tensors in the above expression.

11.3 Anomaly cancellation for chiral gauge field theories

Start with a theory containing no mass terms for fermions - like our friend the Standard
Model. In a helicity basis, we can couple (at least classically!) left- and right-handed
fermions to gauge fields in different ways.

One of the things we can learn by messing around with Lorentz transformations is that
o2 transforms as a left-handed spinor despite being constructed out of 1. This is a
conclusion that only works when there is no explicit mass term in the Lagrangian. Otherwise
it would make no sense to try to separate g from ¢! Let us therefore write, suppressing
generation indices for now,

@?L = 02¢E

P = Wpo’ (725)
so that

Yr = —({27/32

vh = —¢io’ (726)
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Let us examine the free and minimal-coupling bits separately. We will write

. . = . Ay
Sn= [ Whio*duon =1 [ whootduons =i [haoty Tutna (720
where in the last step we used integration by parts. Next, we use the fact that animals like
YRrp Or crgﬁ is a number, not a vector or a matrix in Dirac index space or any other space.

The only pieces we have to be careful about commuting through each other merrily are the
Grassmann variables. Therefore,

Sp = +i/¢RﬁUZﬁ(§u¢;a
= i [ (ob D)oo hseh)
I / 0% ot 0 0,0
N H/ U (080" ) g0 (0™ )asOuthrs (728)

But since 0T = o we get (/)T = (¢)* = 0%0'0? , we can rewrite the action for right-handed

fermions as
Sp = —|—Z/¢L (0%0%0?)(0%5"0?) (0% 00?1y,
= /wl z&“@qu (729)
Note that this is exactly what we hoped for: the expected action principle for a left-handed
fermion ..

Now let us look at the vertex term and make all indices explicit to keep the algebra
straight:

S = / gkt At g
= [ o0t AN )
S L A N GO
= [ 90 (0Pl as AL ) (730)

Now that all of our indices are explicit, we can start the commute-it-through operation while
remembering carefully the rules for anticommuting Grassmann fields. We get

Swe = — / 0015002 550" AL () (020

= - / 950 )s6(0" ") g0 Ap ()40 (02 o Lva (731)
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Now, using the fact that o?c#0? = 6# and vice versa, and the complex conjugation property
of sigma matrices,

Sing = —/g@b(UQ)éﬁ(U“*)ﬁa(Ug)mAf(tf’T)ba@/;w (732)

In other words, we have
St = — / gt Aty (733)

This shows (without using any integration by parts manoeuvre) that the representation U1
has generators (t2)7 if ¥ had generators (t2). It follows immediately that our twiddled
fields belong to the conjugate representation of the gauge group. This is known as the T if
the original representation is labelled by r.

Putting the right- and left-handed actions together gives, for one species,

L = hio* (19, —igAltd) vr
= hio" (10, +igAt(tHT) ¥
= Jpio* (10, —igAL (1)) dr (734)

Consider QCD with ny flavours of massless quarks. This can be rewritten as an SU(3)
gauge theory coupled to ny massless quarks in the 3 representation and ny massless quarks
in the 3 representation.

How about the most general gauge theory with massless fermions? Let us put the left-
handed fermions into an arbitrary, reducible representation R of the gauge group G. We just
found right now that rewriting a system of (massless) Dirac fermions in a solely-left-handed
basis gives R = r @ . Note: T may be equivalent to r if there exists a unitary U such that
th = —tA = —(¢tMT. If such a U exists, then the representation r is real. Conversely, if R
is not a real representation, then . cannot be rewritten in terms of Dirac fermions and is
intrinsically chiral.

At the classical level, R is unrestricted. At loop level, for chiral gauge theories there
will typically be anomalies which render many of the field theories inconsistent quantum
mechanically. Let us compute which Feynman diagrams would contribute. We have identical-

looking Feynman diagrams to the two we summed in the previous section. In particular, we
had

e The marked vertex denoted by e has one insertion of the gauge symmetry current

gt =yt (%) thy (735)

e Gauge boson vertices also carry a left-chiral projector &_ = (1 — v;)/2. The three
projectors emanating from the gauge vertices or symmetry current insertions in the
1-loop diagram can be collected into one, since 222 = 2.

e The technique we used earlier — regularizing with [, and [, — yields for the term in s
an axial vector anomaly

2
(p.v.bi kA €10,5710) = S5 e P pakisf AP0 (736)
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where the group theory factor is
A 4PC = Tr [t {17, 19} ] (737)

Therefore,
0,4" =0 iff F4BY=0 (738)

Note that this .&745¢ is a group invariant which is totally symmetric in all three indices.
Therefore, it doesn’t actually matter which gauge boson leg we think of as being ‘attached’
to the current insertion in the triangle anomaly diagram.

Local gauge symmetry of the action relies on the same global symmetry being exact. So
if the chiral current is not conserved, then our gauge field theory is, well, screwed. Triangle
anomaly diagrams like the above typically generate divergent mass terms for non-Abelian
gauge bosons, which messes with the delicate relationships between 3- and 4-point vertices
(Ward Identities, etc.). So unitarity of the gauge theory S-matrix demands the consistency
condition

4B =0 (739)

Gauge field theories involving chiral couplings to matter are said to be anomaly-free if they
obey this equation.

Note: if ¢ are real then the anomaly coefficients vanish. A special case of this is the Dirac
representation R = r @1, all theories built with Dirac fields are automatically anomaly-free.

Let’s do some examples.

SU(2)%: For this case, t* = 04/2 = 74 and we have {07,0} = 208¢ so that

o/ 4B = %Tr[aA -20%¢ =0 (740)
SU(2)2U(1)*: For this case we have
P = Q" 7)) = LIQI" (741)

How can the trace of the charge operator vanish? It can happen if we remember that we
have to sum over all quarks and leptons! For quarks and leptons of the Standard Model we

have
Tr[Q]—3-(+§—%)+(0—1)—1—1—0 (742)

where the factor of 3 in the first term is just the number of colours. So we see that the
electroweak theory of the standard model is consistent only when the number of leptons is
equal to the number of quarks. You can also check for yourself by working out the explicit
details that the Standard Model is consistent only if quarks and leptons come in complete
SU(2) doublets: it is not theoretically possible to have an odd number of quarks or leptons.
This is one reason why everyone expected the top quark after the discovery of the bottom
quark: it just “had to be there”!

One interesting question to ask is: which gauge groups possess anomaly coefficients
in the first place? These things &7/4B¢ are completely symmetric tensors which are also
group invariants. In some cases the structure of the group precludes there being anomaly
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coefficients at all. For SU(2), we can ask what happens when we tensor together two spin-1
representations. We get the direct sum of a singlet and a spin-2 rep. Neither of these would
couple with a spin-1 rep to give a group invariant. The conclusion is that SU(2) has no
anomaly coefficient.

For SU(n),n > 3, there is such a group invariant. It arises from the anticommutation
relations of generators

n’n

1
{t4.18} = 551“3 + d*APC (743)

The unique group invariant is the d42¢ thingy.
Let us define a scalar anomaly coefficient o7 by

1
Tr [t {tPtC}] = 5b<zf(r)df“5’c (744)
For the fundamental representation n, we have A(n) = 1.
Of the various available simple Lie groups, only SU(n), SO(4n+2) and Eg have complex
representations — the kind we need to represent chiral fermions. Of these, only SU(n) and
SO(6) ~ SU(4) have the required three-index tensor group invariant to form an anomaly.

Gauge theories based on SO(4n + 2),n > 2 or on Eg are anomaly-free. This fact is related
to the popularity of SO(10) and Eg in GUT model building!
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12 Appendix: advanced tidbits

12.1 YM vs GR

The story of Yang-Mills may appear to possess some strong similarities to the story of the
Christoffel connection or spin connection in GR. There are however very important physical
differences, chief among them that GR is the classical theory for a massless spin-two field,
while YM is for spin one. In addition, general coordinate transformations act on spacetime
coordinates whereas gauge transformations act on an internal field space.

There are also crucial mathematical differences between YM and GR. The gauge con-
nection is technically defined as a connection on a principal fibre bundle, whereas the spin
connection (not to be confused with the Christoffel connection) is a connection on a bundle
of orthonormal frames.

In GR, we can define our dynamical gravitational fields to be vielbeins e, via

G = eZeI;nab (745)

Physicists will sometimes play fast and loose with words by calling vielbeins the square
root of the metric tensor. What is most physically crucial about these vielbein animals is
that they convert curved spacetime indices (u) to flat tangent space indices (a). The fact
that curved and tangent space indices are not equivalent is because we allow a nontrivial
spacetime metric; in simple Minkowski space they would be the same. Curved indices are
raised or lowered by the full metric tensor, while tangent space indices are raised or lowered
via the Minkowski metric.
It is possible to define tangent-space one-forms (one-index covariant vectors) via

e = ejdx" (746)

Notice that what we did here was to contract up the spacetime (curved) index of the vielbein
with a coordinate basis one-form dz* to create a one-form living in the tangent space. This
guy would then be subject to Lorentz transformations, while the curved-space counterpart
suffers full coordinate transformations.

The requirement that the spin connection be torsion-free (which is what GR assumes) is

T =de® +w% NeP =0 (747)

This equation is sufficient to determine w? in terms of vielbeins and their first derivatives.
The spin connection coefficients obey

Wap = —Wha (748)
Then the Cartan structure equations read
R = dw® + w” AW, (749)
Note that the Riemann tensor’s indices in curved space would be recovered by using
R% = R"

buv

dxz* A dz” (750)
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and contracting with (inverse) vielbeins to convert from tangent space to curved space

RMI/}\O’ = egelliRab)\J (751)
As you can see, the structure equation ((749) for the spin connection bears a strong similarity
to how the field strength F' is defined in terms of the gauge potential A:

F=dA—igANA (752)

This similarity does not persist at a deeper level in generic dimensions of spacetime. Gauge
and gravitational fields really are physically (and mathematically!) different. Insisting oth-
erwise amounts to wishful thinking technically.

12.2 Conformal group

The conformal group SO(d + 1,2) is the subgroup of general coordinate transformations
preserving the conformal flatness of the Minkowski metric. It contains the Lorentz group
SO(d, 1) as a subgroup. It also contains two new kinds of transformations. The first kind is
scale transformations a.k.a. dilatations, which act as

ot = 2 = (14 N)a", (753)

where A is a constant parameter. The second new kind of transformation is special conformal
transformations a.k.a. conformal boosts. There is a simple way of deriving the effect of a
conformal boost: do an inversion

M
/
ot — 'H =

e (754)
followed by a translation followed by another inversion. To show that dilatations and in-
versions preserve the conformal flatness of the metric, we can inspect how ds? = 1, dz"dz”
transforms.

Using the inversion-translation-inversion idea, we can show that the conformal boosts act
as

H + bHa?

T 112 a1
where b is a constant parameter. It is straightforward to use this to find the infinitesimal
form of the conformal boosts. For a Lorentz transformation of the form

xrH

(755)

U = exp (%w““Mﬂy> (756)

acting on the coordinates, the infinitesimal form is
Azt =Wz, . (757)
Using the above facts, we can find the most general infinitesimal conformal transformation,

Axt = a" + w2V + Aot + ba? — 22M(b - 1), (758)
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where A\, a#, D" w" , are constant parameters corresponding to dilatations, translations, con-
formal boosts, and Lorentz transformations respectively. Counting the number of parameters
for the conformal group, we can quickly see that there are n(D) = (D +2)(D +1) of them.

It is interesting to work out the algebra of the generators of infinitesimal conformal
symmetries, which contains the Poincaré algebra of HW1 as a subalgebra. Using the repre-
sentationd ]

P, = —i0,,
L, =-x,P,+x,P,,
D = —iz"0,,
K, =i(2*0, — 22,2"0,) . (759)

Using our knowledge from HW1, we can find the conformal algebra commutation relations,

[D,PM] = +ib,,
D, K,| =—iK,,
K, P =42i(n,D — L),
[Py L] = +i(Mpu B — 1 Pu)
[Kpa LW] = +i(npqu — N K,),
[Lyws Lol = +i(Mup Lo — MpupLve + MuoLvp — MuoLyp) - (760)
Making the definitions
1 1
J,uV:L,ul/a JOH: §(PH+KM) ) Jfl,u:g(Pﬂ_KM) ) Jfl():Dv (761>

allows us to obtain the SO(d + 1,2) commutation relations,

[JaB, Jop) = +i (NapJsc — NacIep + NecJap — NepJac) , (762)

where Jap = —Jpa, (nap) =diag(—1,—1,1,...,1), and A, B range over —1,0,1,...,d.

The two-dimensional case is special because the conformal algebra we have been dis-
cussing above turns out to be just a subalgebra of an infinite-dimensional symmetry algebra.
In 2D, conformal transformations are analytic coordinate transformations

z— f(2), z— f(2). (763)
To exhibit the generators, consider infinitesimal conformal transformations of the form
2= 2 =z2—€,2"

Tz 7=z (764)

where n € Z. These are angle-preserving whenever f and its inverse are holomorphic. The
corresponding infinitesimal generators are

by =—2"""0  0,=-2""0 (765)

11We use conventions of the conformal field theory textbook by di Francesco Mathieu and Senechal.
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where we use the shorthand 9 = 9/0z and 0 = 9/0z. By considering the infinitesimal
transformations generated by the {goyil,ggyil} only, it is straightforward to show that ¢_;
and (_; generate translations, (¢ + fy) generates scalings, i(¢y — fy) generates rotations,
and (1, (; generate special conformal transformations. Also, the ¢, ¢, satisfy the classical
Virasoro algebras:

Wy 0n] = (M — 1)y [l Cn] = (M — )l - (766)
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